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Introduction 


(This introduction is not a part of IEEE Std 242-2001, IEEE Recommended Practice for Protection and 
Coordination of Industrial and Commercial Power Systems.) 


TEEE Std 242-2001, the JEEE Buff Book™, has been extensively revised and updated since it 
was first published in 1975. The JEEE Buff Book deals with the proper selection, application, 
and coordination of the components that constitute system protection for industrial plants and 
commercial buildings. System protection and coordination serve to minimize damage to a 
system and its components in order to limit the extent and duration of any service interruption 
occurring on any portion of the system. 


A valuable, comprehensive sourcebook for use at the system design stage as well as in 
modifying existing operations, the JEEE Buff Book is arranged in a convenient step-by-step 
format. It presents complete information on protection and coordination principles designed 
to protect industrial and commercial power systems against any abnormalities that could 
reasonably be expected to occur in the course of system operation. 


Design features are provided for 
— Quick isolation of the affected portion of the system while maintaining normal 
operation elsewhere 
— Reduction of the short-circuit current to minimize damage to the system, its 
components, and the utilization equipment it supplies 
— Provision of alternate circuits, automatic throwovers, and automatic reclosing devices 
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IEEE Recommended Practice for 
Protection and Coordination of 
Industrial and Commercial 
Power Systems 


Chapter 1 
First principles 


1.1 Overview 
1.1.1 Scope 


TEEE Std 242-2001, commonly known as the IEEE Buff Book™ , is published by the Institute 
of Electrical and Electronics Engineers (IEEE) as a reference source to provide a better 
understanding of the purpose for and techniques involved in the protection and coordination 
of industrial and commercial power systems. 


TEEE Std 242-2001 has been prepared on a voluntary basis by engineers and designers 
functioning as a working group within the IEEE, under the Industrial and Commercial Power 
Systems Department of the Industry Applications Society. This recommended practice is not 
intended as a replacement for the many excellent texts available in this field. IEEE Std 242- 
2001 complements the other standards in the IEEE Color Book Series™ , and it emphasizes 
up-to-date techniques in power system protection and coordination that are most applicable 
to industrial and commercial power systems. Coverage is limited to system protection and 
coordination as it pertains to system design treated in IEEE Std 141-1993! and IEEE 
Std 241-1990. No attempt is made to cover utility systems or residential systems, although 
much of the material presented is applicable to these systems. 


This publication presents in a step-by-step, simplified, yet comprehensive, form the 
principles of system protection and the proper application and coordination of those 
components that may be required to protect industrial and commercial power systems against 
abnormalities that could reasonably be expected to occur in the course of system operation. 
The principles presented are applicable to both new electrical system design and to the 
changing, upgrading, or expansion of an existing electrical distribution system. 


'nformation on references can be found in 1.8. 
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1.1.2 Objectives 
The objectives of electrical system protection and coordination are to 


— Limit the extent and duration of service interruption whenever equipment failure, 
human error, or adverse natural events occur on any portion of the system 
— Minimize damage to the system components involved in the failure 


The circumstances causing system malfunction are usually unpredictable; however, sound 
design and preventive maintenance can reduce the likelihood of system problems. The elec- 
trical system, therefore, should be designed and maintained to protect itself automatically. 


1.1.2.1 Safety 


Prevention of human injury is the most important objective when designing electrical sys- 
tems. Interrupting devices should have adequate interrupting capability. Energized parts 
should be sufficiently enclosed or isolated to avoid exposing personnel to explosion, fire, arc- 
ing, or shock. Safety should always take priority over service continuity, equipment damage, 
or economics. 


These fundamental principles of safety have always been adhered to by responsible engineers 
engaged in the design and operation of electrical systems. The National Electrical Code® 
(NEC®) (NFPA 70-1999), National Electrical Safety Code® (NESC®) (Accredited Standards 
Committee C2-2002), NFPA 70E-2000, and state and local codes all have prescribed 
practices intended to enhance the safety of electrical systems. In recent years, an increased 
concern about safety has led to many studies resulting in detailed recommendations [from the 
National Institute of Occupational Safety and Health (NIOSH)] and regulations relating to 
electrical systems. Prominent among these are the regulations of the Occupational Safety and 
Health Administration (OSHA) of the U.S. Department of Labor. Engineers and other 
personnel engaged in the design and operation of electrical system protection should be 
familiar with the most recent OSHA regulations, NIOSH Safely Alerts, and all other 
applicable codes and regulations relating to human safety. 


The essential electrical infrastructure in industrial and commercial establishments employs 
protective devices, many of which are addressed in this recommended practice, that function 
to de-energize the electrical system in the event of a malfunction. However, electric shock 
can result in serious injury far more quickly than the available technology of interruption can 
perform its task. Therefore, the limitation of shock hazard, such as the step and touch poten- 
tials in electrical substations, depends upon the speed of interrupting the fault. Rapid fault 
isolation is important (see IEEE Std 80-2000). Therefore, the most efficient form of electrical 
shock protection is to avoid shock altogether, and such avoidance is best accomplished 
through proper system design and operation, and through effective maintenance. 


1.1.2.2 Equipment damage versus service continuity 


Whether minimizing the risk of equipment damage or preserving service continuity is the 
more important objective depends upon the operating philosophy of the particular industrial 
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plant or commercial business. Some operations can afford limited service interruptions to 
minimize the possibility of equipment repair or replacement costs, while others would regard 
such an expense as small compared with even a brief interruption of service. 


In most cases, electrical protection should be designed for the best compromise between 
equipment damage and service continuity. One of the prime objectives of system protection is 
to obtain selectivity to minimize the extent of equipment shutdown in case of a fault. There- 
fore, many protection engineers would prefer that faulted equipment be de-energized as soon 
as the fault is detected. 


However, for certain continuous process industry plants, high-resistance grounding systems 
that allow the first ground fault to be alarmed instead of automatically cleared are employed. 
These systems are described in Chapter 8. 


1.1.2.3 Economic and reliability considerations 


The cost of system protection determines the degree of protection that can be feasibly 
designed into a system. Many features may be added that improve system performance, reli- 
ability, and flexibility, but incur an increased initial cost. However, failure to design into a 
system at least the minimum safety and reliability requirements inevitably results in unsatis- 
factory performance, with a higher probability of expensive downtime. Modifying a system 
that proves inadequate is more expensive and, in most cases, less satisfactory than initially 
designing these features into a system. 


The system should always be designed to isolate faults with a minimum disturbance to the 
system and should have features to give the maximum dependability consistent with the plant 
requirements and justifiable costs. Evaluation of costs should also include equipment mainte- 
nance requirements. In many instances, plant requirements make planned system outages for 
routine maintenance difficult to schedule. Such factors should weigh into the economic- 
versus-reliability decision process. 


When costs of downtime and equipment maintenance are factored into the protection system 
cost evaluation, decisions can then be based upon total cost over the useful life of the 
equipment rather than simply the first cost of the system. In-depth coverage of reliability- 
versus-economic decisions can be found in IEEE Std 493-1997. 


1.2 Protection against abnormalities 


The principal electrical system abnormalities to protect against are short circuits and over- 
loads. Short circuits may be caused in many ways, including failure of insulation due to 
excessive heat or moisture, mechanical damage to electrical distribution equipment, and fail- 
ure of utilization equipment as a result of overloading or other abuse. Circuits may become 
overloaded simply by connecting larger or additional utilization equipment to the circuit. 
Overloads may also be caused by improper installation and maintenance, such as misaligned 
shafts and worn bearings. Improper operating procedures (e.g., too frequent starting, 
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extended acceleration periods, obstructed ventilation) are also a cause of equipment overload 
or damage. 


Short circuits may occur between two-phase conductors, between all phases of a polyphase 
system, or between one or more phase conductors and ground. The short circuit may be solid 
(or bolted) or welded, in which case the short circuit is permanent and has a relatively low 
impedance. The extreme case develops when a miswired installation is not checked prior to 
circuit energization. In some cases the short circuit may burn itself clear, probably opening 
one or more conductors in the process. The short circuit may also involve an arc having 
relatively high impedance. Such an arcing short circuit can do extensive damage over time 
without producing exceptionally high current. An arcing short circuit may or may not 
extinguish itself. Another type of short circuit is one with a high-impedance path, such as dust 
accumulated on an insulator, in which a flashover occurs. The flashover may be harmlessly 
extinguished or the ionization produced by the arc may lead to a more extensive short circuit. 
These different types of short circuits produce somewhat different conditions in the system. 


Electrical systems should be protected against the highest short-circuit currents that can 
occur; however, this maximum fault protection may not simultaneously provide adequate 
protection against lower current faults, which may involve an arc that is potentially 
destructive. 


Ground faults comprise the majority of all faults that occur in industrial and commercial 
power systems. Ground-fault currents may be destructive, even though the magnitude may be 
reduced by a high impedance in the fault and return path. Several methods of grounding are 
available; and the appropriate selection for the particular voltage level, combined with proper 
detection and relaying, can help achieve the goals of reduced damage and service continuity. 
For this reason, Chapter 8 is devoted to ground-fault protection. 


With the increasing use of nonlinear system loads and devices, harmonics have become an 
ever-increasing system abnormality to contend with. Electrical system design, whether new 
or through changes or additions to an existing system, should take into account the possible 
effects of harmonic current and voltages on system equipment and protective devices. In 
many cases, harmonics may cause excessive heating in system components; improper opera- 
tion of control, metering, and protective devices; and other problems. 


Other sources of abnormality, such as lightning, load surges, and loss of synchronism, usually 
have little or no effect on system overcurrent selectivity, but should not be ignored. These 
abnormalities usually can be best handled on an individual protective basis for the specific 
equipment involved (e.g., transformers, motors, generators). 


1.3 Planning system protection 


The designer of electrical power systems has available several techniques to minimize the 
effects of abnormalities occurring on the system or in the utilization equipment that the sys- 
tem supplies. One can design into the electric system features that 
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a) Quickly isolate the affected portion of the system and, in this manner, maintain 
normal service for as much of the system as possible. This isolation also minimizes 
damage to the affected portion of the system. 

b) Minimize the magnitude of the available short-circuit current and, in this manner, 
minimize potential damage to the system, its components, and the utilization equip- 
ment it supplies. 

c) Provide alternate circuits, automatic transfers, or automatic reclosing devices, where 
applicable, in order to minimize the duration or the extent of supply and utilization 
equipment outages. 


System protection encompasses all of the above techniques; however, this text deals mainly 
with the prompt isolation of the affected portion of the system. Accordingly, the function of 
system protection may be defined as the detection and prompt isolation of the affected 
portion of the system whenever a short-circuit or other abnormality occurs that might cause 
damage to, or adversely affect, the operation of any portion of the system or the load that it 
supplies. 


Coordination is the selection and/or setting of protective devices in order to isolate only the 
portion of the system where the abnormality occurs. Coordination is a basic ingredient of a 
well-designed electrical distribution protection system and is mandatory in certain health care 
and continuous process industrial systems. 


System protection is one of the most basic and essential features of an electrical system and 
should be considered concurrently with all other essential features. Too often system protec- 
tion is considered after all other design features have been determined and the basic system 
design has been established. Such an approach may result in an unsatisfactory system that 
cannot be adequately protected, except by a disproportionately high expenditure. The 
designer should thoroughly examine the question of system protection at each stage of plan- 
ning and incorporate into the final system a fully integrated protection plan that is capable of, 
and is flexible enough, to grow with the system. 


In planning electric power systems, the designer should endeavor to keep the final design as 
simple as would be compatible with safety, reliability, maintainability, and economic 
considerations. Designing additional reliability or flexibility into a system may lead to a more 
complex system requiring more complex coordination and maintenance of the protective 
system. Such additional complexity should be avoided except where the requisite personnel, 
equipment, and know-how are available to adequately service and maintain a complex 
electric power system. 


1.4 Preliminary design 


The designer of an electrical power system should first determine the load requirement, 
including the sizes and types of loads, and any special requirements. The designer should also 
determine the available short-circuit current at the point of delivery, the time-current curves 
and settings of the nearest utility protective devices, and any contract restrictions on ratings 
and settings of protective relays or other overcurrent protective devices in the user’s system. 
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(See Figure 1-1.) The designer can then proceed with a preliminary system design and prepa- 
ration of a one-line diagram. 


ELECTRIC 
UTILITY 
CONTRIBUTION 


DISTRIBUTION 
SYSTEM 
SELECTION 


PROTECTIVE 
DEVICE 
SELECTION 
(Chapters 3-7) 


MAINTENANCE, 
TESTING, 
CALIBRATION 
(Chapter 15) 


SHORT-CIRCUIT 


LOAD 
ANALYSIS 


PROTECTIVE 
SYSTEM 
SELECTION 
(Chapter 1) 


MOTOR 
CONTRIBUTION 


COMPONENT 
PROTECTION 
(Chapters 8-13) 


Figure 1-1—Sequence of steps in system protection and coordination 


Chapter 2 covers the fundamentals of short-circuit analysis and the calculation of short- 
circuit duty requirements that permit evaluation of the preliminary design for compatibility 
with available ratings of circuit breakers, fuses, and other devices. At this point, some 
modification of the design may be necessary because of economic considerations or 
equipment availability, or both. 


The preliminary design should be evaluated from the standpoint of system coordination, as 
covered in Chapter 15. If the protective devices provided in the preliminary design cannot be 
selectively coordinated with utility protective device settings and contractual restrictions on 
protective device settings, the design should be modified to provide proper selective 
coordination. 


Ground-fault protection is an essential part of system protection and is given detailed 
coverage in Chapter 8 for two reasons. First, although many of the devices used to obtain 
ground-fault protection are similar to those covered in Chapter 3 through Chapter 7, the need 
for such protection and the potential problems of improper application of ground-fault 
protection are frequently not fully appreciated. Second, proper selective coordination of 
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ground-fault protection seldom causes any change to overall system selectivity, although its 
effect should be taken into consideration in the same general manner covered in Chapter 15. 
In-depth coverage of system grounding can also be found in IEEE Std 142-1991. 


Throughout the preliminary and final design process, the personal computer has become an 
indispensable tool in power system planning, analysis, and simulation of day-to-day opera- 
tions. A number of power system software programs are available to assist the designer in 
evaluating protective device application and to assist in the proper selection and coordination 
of protective devices. Available software includes programs to evaluate and perform short 
circuit, protective device coordination, load flow, harmonic analysis, system stability, motor 
starting, and grounding. In-depth coverage of power system analysis can be found in IEEE 
Std 399-1997. 


The designer of the protective system should bear in mind that the design consumes two crit- 
ical and limited resources, space and money, and should take practical steps to ensure that 
these needs are fully recognized by the overall project team. 


1.5 Basic protective equipment 


The isolation of short circuits and overloads requires the application of protective equipment 
that senses when an abnormal current flow exists and then removes the affected portion from 
the system. 


The three primary protective equipment components used in the isolation of short circuits and 
overloads are fuses, circuit breakers, and protective relays. 


A fuse is both a sensing and interrupting device, but not a switching device. It is connected in 
series with the circuit and responds to thermal effects produced by the current flowing 
through it. The fusible element is designed to open at a predetermined time depending upon 
the amount of current that flows. Different types of fuses are available having time-current 
characteristics required for the proper protection of the circuit components. Fuses may be 
noncurrent-limiting or current-limiting, depending upon their design and construction. Fuses 
are not resetable because their fusible elements are consumed in the process of interrupting 
the current flow. Fuses and their characteristics, applications, and limitations are described in 
detail in Chapter 5 and Chapter 6. 


Circuit breakers are interrupting and switching devices that require overcurrent elements to 
fulfill the detection function. In the case of medium-voltage (1-72.5 kV) circuit breakers, the 
sensing devices are separate current transformers (CTs) and protective relays or combinations 
of relays. These devices are covered in Chapter 4. For most low-voltage (under 1000 V) 
circuit breakers, (molded-case circuit breakers or low-voltage power circuit breakers) the 
sensing elements are an integral part of the circuit breaker. These trip units may be thermal or 
magnetic series devices; or they may be integrally mounted, but otherwise separate electronic 
devices used with CTs mounted in the circuit breaker. Low-voltage circuit breakers, their 
applications, characteristics, and limitations are covered in Chapter 7. 
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Overcurrent relays used in conjunction with medium-voltage circuit breakers are available 
with a range of different functional characteristics. Relays may be either directional or 
nondirectional in their action. Relays may be instantaneous and/or time-delay in response. 
Various time-current characteristics (e.g., inverse time, very inverse time, extremely inverse 
time, definite minimum time) are available over a wide range of current settings. Overcurrent 
relays and their selection, application, and settings are covered in detail in Chapter 4. Numer- 
ous other types of protective relays, used for specific protective purposes, are also discussed 
throughout this publication. Relays generally are used in conjunction with instrument trans- 
formers, which are covered in Chapter 3. 


1.6 Special protection 


In addition to developing a basic protection design, the designer may also need to develop 
protective schemes for specific equipment or for specific portions of the system. Such 
specialized protection should be coordinated with the basic system protection. Specialized 
protection applications include 


— Conductor protection (see Chapter 9) 

— Motor protection (see Chapter 10) 

— Transformer protection (see Chapter 11) 

— Generator protection (see Chapter 12) 

— Bus and switchgear protection (see Chapter 13) 


— _ Service supply-line protection (see Chapter 14) 


1.7 Field follow-up 


Proper application of the principles covered in the first 15 chapters of this recommended 
practice should result in the installation of system protection capable of coordinated selective 
isolation of system faults, overloads, and other system problems. However, this capability 
will be useless if the proper field follow-up is not planned and executed. Field follow-up has 
three elements: proper installation, including testing and calibration of all protective devices; 
proper operation of the system and its components; and a proper preventive maintenance pro- 
gram, including periodic retesting and recalibration of all protective devices. A separate 
chapter, Chapter 16, has been included to cover testing and maintenance. 


1.8 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 
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ASC C2-2002, National Electric Safety Code® (NESC®).? 
IEEE Std 80-2000, IEEE Guide for Safety in AC Substation Grounding is 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (IEEE Red Book). 


IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commer- 
cial Power Systems (IEEE Green Book). 


IEEE Std 241-1990 (Reaff 1997), IEEE Recommended Practice for Electric Power Systems 
in Commercial Buildings (IEEE Gray Book). 


TEEE Std 399-1997, IEEE Recommended Practice for Industrial and Commercial Power Sys- 
tems Analysis ZEEE Brown Book). 


TEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable Industrial and 
Commercial Power Systems (EEE Gold Book). 


NFPA 70-1999, National Electrical Code® (NEC®) 4 


NFPA 70E-2000, Electrical Safety Requirements for Employee Workplaces.> 


2The NESC is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards ieee.org/). 


3]EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 


4The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA 
(http://www.nfpa.org/). Copies are also available from the Institute of Electrical and Electronics Engineers, 
445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 


SNFPA publications are published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 
02269, USA (http://www.nfpa.org/). 
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Chapter 2 
Short-circuit calculations 


2.1 Introduction 


Short-circuit currents can create massive destruction to the power system. Short circuits typi- 
cally have magnitudes many times greater than load currents. The consequences of these 
high-magnitude currents can be catastrophic to normal operation of the power system. First, 
the presence of short-circuit currents in system conductors results in additional heating, 
which the system is usually not designed to sustain continuously. These currents also intro- 
duce severe mechanical forces on conductors, which can break insulators, distort transformer 
windings, or cause other physical damage. The flow of high-magnitude short-circuit currents 
through system impedances may also result in abnormally low voltages, which in turn lead to 
otherwise healthy equipment being forced to shut down. Finally, at the point of the short cir- 
cuit itself, generally the release of energy in the form of an arc, if left uncorrected, can start a 
fire, which may spread well beyond the point of initiation. 


Much of the effort of power system engineers and planners is directed toward minimizing the 
impact of short circuits on system components and the industrial process the system serves. It 
has been said that the only part of a power system that actually works is the protective devices 
that are called upon to detect and react to short circuits—and they only do something when 
something else goes wrong! This has led to the observation that power system engineers 
focus only on catastrophes. It is true that a great deal of power system engineering is devoted 
to the analysis of undesirable events, and nowhere is that statement more correct than in the 
application of protective devices. 


Lord Kelvin observed that knowledge of a subject is incomplete until the subject can be accu- 
rately quantified. Of all the demands placed upon the power system protection engineer, the 
most analytical is to determine the magnitude of voltages and currents that the system can 
produce under various short-circuit conditions. Only when these quantities are understood 
can the application of protective devices proceed with confidence that they will perform their 
intended function when short circuits occur. 


The most fundamental principle involved in determining the magnitude of short-circuit cur- 


rent is Ohm’s Law: the current that flows in a network of impedances is related to the driving 
voltage by the relationship 


l=5 (2-1) 


The general procedure for applying this principle entails the three steps involved in Theve- 
nin’s Theorem of circuits. 


a) Develop a graphical representation of the system, called a one-line (or single-line) 
diagram, with symbolic voltage sources and circuit impedances. 
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b) Calculate the total impedance from the source of current (i.e., the driving voltage) to 
the point at which a hypothetical short-circuit current is to be calculated. This value is 
the Thevenin equivalent impedance, sometimes called the driving point impedance. 


c) Knowing the open circuit prefault voltage, use Ohm’s Law to calculate the short- 
circuit current magnitude. 


Of course, the actual application of these basic principles is more involved, and the remainder 
of this chapter is devoted to a treatment of the specific details of short-circuit current 
calculations. 


2.2 Types of short-circuit currents 


From the point of view of functional application, four or more distinct types of short-circuit 
current magnitudes exist. The current of greatest concern flows in the system under actual 
short-circuit conditions and could (at least theoretically) be measured using some form of 
instrumentation. In reality, it is not practical to attempt to predict by calculation the magni- 
tude of actual current because it is subject to a great many uncontrollable variables. Power 
system engineers have developed application practices, some of which are discussed in the 
following paragraphs, that predict worst-case magnitudes of current sufficient for application 
requirements. 


The analyst or engineer may have several objectives in mind when a short-circuit current 
magnitude is calculated. Obviously, the worst-case current should be appropriate to the 
objective, and a set of assumptions that leads to a worst-case calculation for one purpose may 
not yield worst-case results for another purpose. 


Short-circuit current magnitudes often must be calculated in order to assess the application of 
fuses, circuit breakers, and other interrupting devices relative to their ratings. These currents 
have labels (e.g., interrupting duty, momentary duty, close and latch duty, breaking duty), 
which correlate those magnitudes with the specific interrupter rating values against which 
they should be compared to determine whether the interrupting device has sufficient ratings 
for the application. ANSI standard application guides define specific procedures for calculat- 
ing duty currents for evaluating fuses and circuit breakers rated under ANSI standards. Like- 
wise, the International Electrotechnical Commission (IEC) publishes a calculation guide for 
calculating duty currents for IEC-rated interrupting devices. In either case, the important 
thing is that the basis for calculating the current be consistent with the basis for the device rat- 
ing current so that the comparison is truly valid. 


Related to interrupter rating currents are the currents used to evaluate the application of 
current-carrying components. Transformers, for example, are designed to have a fault with- 
stand capability defined in terms of current, and transformer applications should be evaluated 
to assure that these thermal and mechanical limitations are being observed. Likewise, bus 
structures should be designed structurally to withstand the forces associated with short cir- 
cuits, and this requires knowledge of the magnitude of available fault currents. Similarly, 
ground grids under electrical structures should be designed to dissipate fault currents without 
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causing excessive voltage gradients. In each case, it is necessary to calculate a fault magni- 
tude in a fashion that is consistent with the purpose for which it is needed. 


Another type of short-circuit current magnitude is used by protection engineers to assess the 
time-current performance of protective devices. Here, again, consistency is needed between 
the calculated currents and the currents that the protective devices measure. No universally 
accepted standards define how protective devices make measurements, and in fact measur- 
able differences exist among manufacturers, among technologies, and even among design 
vintages of the same manufacturer and technology. However, protection engineers have 
evolved a series of generally accepted guidelines for which currents apply to which kinds of 
protective devices, and these guidelines are detailed in subsequent chapters. 


Other references in the IEEE Color Book Series™ treat the application of interrupting 
devices. Accordingly, this chapter discusses only the calculation of short-circuit currents for 
evaluating the time-current performance of relays, fuses, low-voltage circuit breaker trip 
devices, and other protective equipment. 


Another way of looking at short circuits is to consider the geometry of faults. Most modern 
power systems are three-phase and involve three power-carrying conductors. A fourth con- 
ductor, the neutral, may or may not carry load current depending upon the nature of the loads 
on the system. The number of conductors involved in the short circuit has a bearing on the 
severity of the fault as measured by the magnitude of short-circuit current; normally, a fault 
involving all three-phase conductors (called the three-phase fault) is considered the most 
severe. Other geometries include single phase-to-ground faults, phase-to-phase faults, double 
phase-to-ground faults, and open conductors. 


2.3 The nature of short-circuit currents 


Under normal system conditions, the equivalent circuit of Figure 2-1 may be used to calculate 
load currents. Three impedances determine the flow of current. Z, and Z, are the impedances 
of the source and circuit, respectively, while Z, is the impedance of the load. The load imped- 
ance is generally the largest of the three, and it is the principle determinant of the current 
magnitude. Load impedance is also predominantly resistive, with the result that load current 
tends to be nearly in phase with the driving voltage. 


A short circuit may be thought of as a conductor that shorts some of the impedances in the 
network while leaving others unchanged. This situation is depicted in Figure 2-2. Because Z, 
and Z,. become the only impedances that restrict the flow of current, the following observa- 
tions may be made: 


a) The short-circuit current is greater than load current. 


b) Because Z, and Z, are predominately inductive, the short-circuit current lags the driv- 
ing voltage by an angle approaching the theoretical maximum of 90°. 
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Zs Zc 


Figure 2-1 —Equivalent circuit used to calculate load current 
in a normal circuit 


Zs Zc 


Short 
Circuit Z| 
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Figure 2-2— Equivalent circuit used to calculate short-circuit current 


The change in state from load current to short-circuit current occurs rapidly. Fundamental 
physics demonstrate that the magnitude of current in an inductor cannot change 
instantaneously. This conflict can be resolved by considering the short-circuit current to con- 
sist of two components: 


— Asymmetrical ac current with the higher magnitude of the short-circuit current 


—  Anoffsetting dc transient with an initial magnitude that is equal to the initial value of 
the ac current, but which decays rapidly 


The initial magnitude of the dc transient is directly controlled by the point on the voltage 
wave at which the short circuit occurs. If the short circuit occurs at the natural zero crossing 
of the driving voltage sinusoid, the transient is maximized. However, the transient is a 
minimum if the fault occurs at the crest of the voltage sinusoid. At any subsequent time, the 
magnitude of the dc transient is determined by the time constant of the decay of the dc, which 
is controlled by the ratio of reactance to resistance in the impedance limiting the fault. 
Equation (2-2) can be used to calculate the instantaneous magnitude of current at any time. 
For the protection engineer, the worst case initial current includes the full dc transient. 


14 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
SHORT-CIRCUIT CALCULATIONS Std 242-2001 


(8), 
i(t) = (zz smowr+9-0)- sin(@ — Je i" (2-2) 


Ss Cc 


The driving voltage depicted in Figure 2-1 and Figure 2-2 is the Thevenin equivalent open- 
circuit voltage at the fault point prior to application of the short circuit. This voltage includes 
sources such as remote generators with voltage regulators that maintain their value regardless 
of the presence of a short circuit on the system as well as nearby sources whose voltages 
decay when the short circuit is present. The amount of decay is determined by the nature of 
the source. Nearby generators and synchronous motors with active excitation systems sustain 
some voltage, but because the short circuit causes their terminal voltage to drop, the current 
they produce is gradually reduced as the fault is allowed to persist. At the same time, 
induction motors initially participate as short-circuit current sources, but their voltages decay 
rapidly as the trapped flux is rapidly drained. Figure 2-3 shows the generic tendencies of 
various kinds of short-circuit current sources and a composite waveform for the symmetrical 
ac current decay. Figure 2-4 depicts the most realistic case of the decaying symmetrical ac 
current combined with the decaying dc transient. From this figure, a generalized short-circuit 
current may be described in the following terms: 


— High initial magnitude dc transient component of current, which decays with time 
— High initial magnitude symmetrical ac current, which diminishes gradually with time 


— Symmetrical ac current lags driving voltage by a significant angle, approaching 90° 


2.4 Protective device currents 


It is the general practice to recognize three magnitudes of short-circuit current in applying 
protective devices. These magnitudes are fundamentally time-dependent and can be thought 
of as three points on the generic curve in Figure 2-4. 


The first point is the initial magnitude and is considered by protection engineers to be the 
magnitude of current to which fast-acting protective devices respond. Instantaneous relays, 
fuses, and low-voltage circuit breaker trip devices are characterized as fast acting. In some 
instances this initial point includes the dc transient; in other instances, it does not. Whether 
the dc transient is recognized is determined by whether the protective device in question 
responds to dc quantities. For example, instantaneous relays operating on the induction 
principle, and static devices with dc filtering, respond only to the symmetrical ac component 
of this initial current, while fuses and plunger and hinged-armature relays sense the total 
magnitude of current. How the dc transient is treated is also subject to some interpretation. 
One traditional, conservative approach is to treat the initial current as though the magnitude 
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Figure 2-3— Generic components of fault current categorized according to 
decrement 
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Figure 2-4—Typical fault current sinusoid with both ac and dc decrement 


exists 0.5 cycle into the fault and, for typical systems where the X/R ratio is 25 or less, the 
root-mean-square (rms) total current does not exceed 1.6 times the symmetrical rms current. 
Some protection engineers choose instead to calculate an approximate asymmetry factor 
using the formula 


Asymmetry factor = 1+ 2e (2-3) 


The second point is traditionally considered to be the magnitude of current at the time when 
time-delay overcurrent protective devices (e.g., overcurrent relays, delayed-action low- 
voltage trip devices) make their final measurement and operate. General practice assumes 
that the dc transient will have disappeared entirely by this time and to recognize only the rms 
symmetrical current. 


The third current magnitude commonly calculated by protection engineers is the long-time 
current. Some protection engineers use the term “thirty (30) cycle current” because it is an 
estimate of the current that exists long after inception of the fault. This magnitude is used to 
evaluate performance of extremely long-time devices, such as generator backup overcurrent 
relays or second- or third-zone distance relays. 


Determining the rates of decay of current to calculate these three time-based currents in exact 
form is difficult. The procedure that protection engineers have evolved is to represent the 
system using different impedances that result in short-circuit current magnitudes that are 
approximately close to the theoretically correct values. Table 2-1 summarizes common 
practices in this regard. 
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Table 2-1—Short-circuit impedances for protective device application and 
evaluation 


Instantaneous Time-delay Long-time 


Impedance 
currents currents currents 


Remote system equivalent R+jx R+jx 


Local synchronous generators R+jx'd R+jx 


Synchronous motors R+jx'd infinite 


Induction motors infinite infinite 


Passive components R+jx R+jx 


For conservatism, the usual practice is to employ saturated or rated-voltage reactances for 
rotating machines. These reactances are denoted by ,, on machine data sheets, e.g., XS, . 
Direct axis quantities are indicated by g, while " and ' indicate subtransient and transient val- 
ues, respectively. Full data sheets are not always available for induction machines, and in this 
instance using locked-rotor reactance X;,is common practice. 


While including both the resistive and reactive components of impedance is classically cor- 
rect, protection engineers sometimes employ the shortcut of ignoring resistance because the 
X/R ratio of impedances is typically quite high. This shortcut is especially common in higher 
voltage applications and when hand calculations are employed to arrive at answers quickly. 
Analysts are cautioned that in lower voltage systems, however, X/R ratios are low and to 
ignore resistance may lead to calculation of unacceptably high current magnitudes. 


Earlier, the distinction was made between short-circuit currents calculated to evaluate the 
application of interrupting devices against their ratings and calculations needed to assess pro- 
tective device performance. Many engineers bring these calculations together, using so-called 
momentary application calculations instead of performing a separate instantaneous calcula- 
tion. Likewise, 5-cycle-to-8-cycle interrupting duty calculations are frequently used instead 
of doing a separate calculation of time-delay currents. 


NOTE—Some of the impedances given in Table 2-1 differ slightly from prevailing practices employed 
in calculating short-circuit currents for interrupting device evaluations. Such discrepancies suggest that 
the calculations are not exact and room for judgment exists. 


In addition to time considerations, short circuits vary by topography. In some instances, all 
three phases of the power system are involved in the short circuit while, under other 
conditions, the fault may consist of only one phase shorting to ground. It is possible for 
phase-to-phase faults to occur; and, in yet other instances, the phase-to-phase fault may also 
involve a current flow to ground. Any of these four geometric variants may or may not be 
bolted faults, that is, short circuits in which the conductors are shorted together with 
essentially no external impedance. In the real world, most faults involve some external 
impedance (and in fact arcing introduces external resistance), but protection engineers 
usually consider bolted faults as the worst case for determining fault current magnitude. 
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At times, determining the minimum currents available to system protective devices is neces- 
sary. No generally accepted procedure exists for determining minimum currents. One 
approach is to perform a system calculation considering only the electric utility source and 
any synchronous generators, with the latter represented by their synchronous reactance’s 
(X,), with allowance for presumed fault-point arcing represented by fault resistance. 


In addition to short circuits, protection engineers may be called upon to evaluate performance 
of protective devices under other abnormal system conditions, such as open conductors. 


2.5 Per-unit calculations 


Power system calculations can be done using actual voltages and currents or using per-unit 
representations of actual quantities. While performing a calculation in actual quantities 
makes sense occasionally, the vast majority of calculations are done in per-unit. The discus- 
sion in this chapter assumes a familiarity with the per-unit method; but, to avoid confusion, 
definitions of important parameters are given in Table 2-2. The table presents strict (textbook) 
definitions and defines all per-unit values on a single-phase basis. Equivalent three-phase val- 
ues are usually used in practice, but an understanding of the mathematics presented in 
Table 2-2 relies on a careful interpretation of base values as single-phase quantities. 


Table 2-2—Per unit base parameters 


Strict definition Common usage 


Parameter (single-phase basis) (three-phase basis) 


Frequency Steady state operating frequency Nominal system frequency 


Voltage System line-to-neutral voltage ata | Nominal line-to-line voltage 
chosen reference bus; voltage at 
other buses related by turns ratios 
of transformers 


MVA Any defined arbitrary reference, 10 or 100 MVA, 30 
per phase 


Base current Base voltamperes divided by base Base 3 kVA/(Line-to-line kV x 3 ) 
voltage 


Base impedance Base line to neutral voltage divided | (Line-to-line kV)*/Base 30 MVA 
by base current 


2.6 Short-circuit current calculation methods 
2.6.1 Symmetrical components method of analysis 


A variety of methods are commonly used for calculating short-circuit current magnitudes. All 
of these methods are ultimately traceable to the method of symmetrical components, and an 
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understanding of symmetrical components permits a quick adoption of any of the short-hand 
procedures. The symmetrical components method of analysis is also completely general, can 
treat any form of fault or phase unbalance (with or without external impedances), and has 
become the one universal language among protection engineers. In the interest of exactness, 
only symmetrical components are treated in this chapter. The bibliography in 2.12 references 
papers and texts that discuss derivative approaches. 


Almost all protective device short-circuit currents today are calculated by computer. It is well 
beyond the scope of this recommended practice to address the methods by which computers 
model electrical systems. Furthermore, each computer software program has unique features 
for which an adequate program users manual is the best reference text. A thorough under- 
standing of symmetrical components should lead to comprehension of the intention of the 
computer software writer and maximize the functionality of most commercial programs. 


2.6.2 Mathematical notation 

Two mathematical symbols are used in this chapter. Most engineers recognize j as the square 
root of —1, but it also is used in power engineering as a mathematical operator that forces an 
angular shift of 90° upon whatever quantity to which it is applied. In treating three-phase 
power systems, also having an operator that introduces a 120° angular shift is convenient. 


This operator is conventionally known as a. 


With either operator, the convention considers the positive direction of phase rotation to be 
counterclockwise. This convention is depicted in Figure 2-5. 


A 


Direction of rotation 


C B 


Figure 2-5— Phase designation and rotation conventions 


2.7 Symmetrical components 


The method of symmetrical components was first described in an AIFE paper by Fortescue 
[B5]!. This paper proposed a general theory for analysis of multi-phase systems. Fortescue’s 


'The numbers in brackets correspond to the numbers of the bibliography in 2.12. 
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original thesis applied to a general m phase system, and its application on the more common 
three-phase systems is a simplification. 


Phasors are complex time-dependent quantities used in analyzing linear systems that are 
described by both magnitude and angle. The voltage and current phasors on a three-phase 
power system can be represented by three sets of balanced three-phase symmetrical compo- 
nent phasors (voltage and current) when the symmetrical component phasors are defined 
according to a set of rules. Positive-sequence phasors (denoted by ,) are equal to each other in 
magnitude, are 120° apart, and have the same phase rotation sequence as the power system 
being represented. The negative-sequence phasors (indicated by 4) are equal to each other in 
magnitude and are 120° apart, but the phase rotation sequence is opposite to that of the power 
system under analysis. Zero-sequence phasors (which traditionally carry 9) are equal to each 
other in magnitude and are 360° apart; phase sequence rotation is the same as the power 
system. 


For the three-phase application, phase-to-neutral voltages are defined in terms of the symmet- 
rical components of voltage: 


V = Vai t Wart Vao 
Viz @VAFaV G4 V5 (2-4) 
Vig = AV 91 +4 Var + Van 


and conversely, the symmetrical components of voltage can be derived from the phase-to- 
neutral voltages, 


al 


1 2 
Va = 3 Vagt aVigta Viog) 


(2-5) 


Vio = 4(Vapt a Vig + aV..) 


1 
Vio = 3(Vag + Vie + Vege 


Similar equations can be written relating phase currents and the symmetrical components of 
current. The subscript convention used in Equation (2-4) and Equation (2-5) is that ;,5, and 9 
indicate positive, negative, and zero sequence, respectively, whereas go, p,, and ., denote 
phase-to-ground. 


Relating the sequence component current and voltage phasors are sequence component 
impedances. These impedances are not physical impedances, but as shown in 2.7.1, deriving 
values for them from known physical parameters of equipment is possible. Thus, for each of 
the three symmetrical components, drawing a system equivalent circuit is possible. By appro- 
priately interconnecting these sequence impedance networks, making relatively simple 
network calculations, and then applying the fundamental relationships [Equation (2-4)], 
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answers can be calculated for almost all unbalanced conditions on the original three-phase 
system. 


When the base quantities are properly chosen, symmetrical components can be applied to a 
system of any frequency. However, using this analytical procedure in a single system to deal 
with multiple frequencies, as in harmonic or transient studies, is not strictly correct. 


2.7.1 Sequence impedance representation of electrical apparatus 


In order to use symmetrical components as a tool in analyzing systems and the performance 
of protective devices, constructing system models using symmetrical component representa- 
tions is necessary. This step entails two considerations: It is necessary to determine, first, how 
each component of the actual power system should be represented in symmetrical component 
terms and, second, how these components are related together. Representation of system 
components is conceptually simple although some portions of the system may require time- 
consuming calculations. 


The representation of electrical apparatus in symmetrical component terms involves determi- 
nation of appropriate positive-, negative-, and zero-sequence impedances. 


2.7.1.1 Generators 


Positive-, negative-, and zero-sequence impedances are usually provided as identified values 
on the generator manufacturer’s data sheet for the machine. If negative and zero are not 
readily available, a couple of guidelines may be used to approximate values. 


The negative-sequence reactance of a synchronous generator is defined in Park’s equations as 
the mean of the direct and quadrature axis subtransient reactances. For smooth rotor 
machines (i.e., 3600 r/min machines on 60 Hz systems), the direct and quadrature reactances 
are nearly equal; and in the absence of better data, the negative-sequence reactance may be 
assumed to be equal to the subtransient reactance. 


Zero-sequence reactance is also defined in Park’s equations, but the definition is more com- 
plex. For most machines, its value is on the order of one half of the subtransient reactance. 
When looking into the terminals of a generator (in the figurative sense), the actual zero- 
sequence impedance is a combination of the zero-sequence impedance of the generator plus 
the zero-sequence representation of the generator’s neutral grounding device. Neutral 
grounding devices are treated separately. 


Positive-sequence reactance is also usually available from the generator manufacturer’s data 
sheet, but normally several values exist from which to choose. As noted in Table 2-1, the 
value to be used in a calculation of short-circuit currents depends upon the intended use of the 
result of that calculation. 


The definitions given in Equation (2-5) for positive-, negative-, and zero-sequence voltage 


and current phasor sets also suggest another important consideration in the representation of 
synchronous machines in symmetrical component terminology. Positive-sequence voltages 
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correspond to actual system voltages and currents, whereas negative- and zero-sequence volt- 
ages are physically fictitious. Generators are a source of voltage on the power system, and the 
only sequence to include a voltage source is the positive sequence. 


Induction generators are finding their way more commonly into both industrial and utility 
applications. Induction generators should be treated as induction motors for fault 
calculations. 


2.7.1.2 Motors 


Motors can be thought of as closely related to generators, and the impedances used to 
represent them in symmetrical components are derived similarly to those of generators. For 
synchronous motors, negative-sequence impedances values are readily available from 
manufacturer’s data sheets; or if no better data are known, the value of the subtransient 
reactance may be used. For induction motors, however, negative-sequence values are harder 
to obtain. A common assumption, which is usually satisfactory, is that the negative-sequence 
reactance is equal to the locked-rotor reactance for induction motors. 


As for generators, the zero-sequence impedance seen looking into the terminals of a motor is 
a combination of the zero-sequence impedance of the machine and the zero-sequence imped- 
ance of the neutral grounding devices. Consequently, because the neutral of motors is almost 
inevitably ungrounded, an infinite zero-sequence impedance for motors would be seen. 


Table 2-1 also lists positive-sequence impedance values for motors. As for generators, the 
magnitude of impedance may vary depending on the use intended for the calculated values. 


2.7.1.3 Transmission lines 


Determining impedances for transmission lines is more challenging and generally involves 
making calculations from the physical parameters of the line and its conductors. The 
algorithm and equations given in this subclause describe the procedure, and experienced 
protection engineers find understanding the theoretical basis for this procedure helpful. All 
the equations given in this subclause are for 60 Hz systems; impedances for systems at other 
frequencies can be determined by ratio or by modifying the formulae. Alternatively, computer 
programs are available to calculate line impedances. 


The first consideration is that the positive- and negative-sequence impedances of transmission 
lines are equal. A transmission line is a passive component that responds in the same way to 
positive- and negative-sequence excitation. Because sequence impedances are the 
relationships between respective sequence voltages and currents, calculation of one 
impedance suffices for both needs. 


The positive-sequence reactance of a transmission line can be thought of as the impedance 
that would relate voltage and current when the three conductors or a transmission line are 
shorted together at one end, while excited by a positive-sequence source of voltages at the 
other end. This impedance can be calculated using the following equation: 
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GMD 
GMR 


X, = j0.1737 logo) |27am (2-6) 


where 


GMD is the geometric mean spacing between phase conductors (e.g., the cube root of the 
product of the three-phase spacings) (m), 
GMR is the geometric mean radius of the phase conductor (m). 


GMD should be calculated for the specific spacings of the array of conductors making up the 
transmission line, while GMR is a parameter for the conductor that is available from the con- 
ductor manufacturer. 


Positive-sequence resistance can be read directly from conductor tables. 


Calculating the zero-sequence impedance of a transmission line is more challenging. The 
concept can be viewed as follows: All three phases of a transmission line are shorted together 
to ground at the source end, while all three conductors are shorted together and to both 
ground and the overhead ground wire (OHGW) at the other end. When a single phase source 
of voltage is then applied at the source end, a current flows. The ratio of the single-phase driv- 
ing voltage to the resulting current flow is the zero-sequence impedance of the line. 


Physically, current flows from the faulted conductor into both ground and the OHGW as 
depicted in Figure 2-6a; the current flows from the source out through the phase conductors 
and returns through a complex path consisting of the OHGW and the earth. From this physi- 
cal picture, it is apparent that the zero-sequence impedance should, therefore, consist of three 
branches as indicated in Figure 2-6b: the zero-sequence impedance of the phase conductors, 
the zero-sequence impedance of the static wire return (OHGW), and the zero-sequence 
impedance of the earth return. 


Values can be calculated for the various branches of Figure 2-6b using the following 
equations: 


Ryo = 5(R,)Q/km (2-7) 
X, = j0.17371 ou Q/k 2-8 
ao — J "i fi0| Gare | m (2-8) 
R,, = 0.05928 Q/km (2-9) 
Xe = "70,1737 1 Pe Jo. 2-10 
m = 0.1737 losio| azpy, [7am (2-10) 


D, = oss |e m (2-11) 
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Overhead Ground Wire (OHGW. 


—~—=— Return current 


iN 
A 
L\ 
A Insulator flashover 
———_ = Fault current R 


—=— Return current 


Earth circuit 


Figure 2-6a—Illustration of insulation flashover on open wire line showing 
return current flowing through OHGW of transmission line and through earth 


Row 
R, = —*Q/km (2-12) 
: GMD, 
X, = j0.1737 logio| Gaze. |2/™ (2-13) 
where 
Ry is the resistance of the phase conductor (Q/km), 
GMD, is the geometric mean spacing of all conductors—phase and static (OHGW) wires 


(m), 
GMR, is the geometric mean radius of k static (OHGW) wires (m), 
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k is the number of static (OHGW) wires, 
r is the earth resistivity (typically 100) (Q-m), 
Row is the resistance of one ground wire (Q/km), 
f is the system frequency. 


Z90 f OHGW 


Zopf circuit Rg + jXg 


Rm + jXm 


Rao + jXao 
Zoot earth return 


Figure 2-6b—Zero-sequence equivalent circuit that accounts for 
self impedance of transmission line and the impedances of 
earth and OHGW return paths 


2.7.1.4 Cables, busway, and bus duct 


Most analysts are satisfied to rely on the impedance data on cables, busway and bus duct that 
are provided by manufacturers. Two situations exist, however, where this reliance may not 
be adequate. For systems consisting of an array of single conductor cables, Equation (2-6) or 
Equation (2-7) should be used, with the spacing between individual conductors accounted for 
as the GMD. If multiple conductors exist per phase, care should be taken to evaluate the 
impact of the arrangement of conductors and to consider that the GMR of each phase is a 
composite of the true conductor GMR and the spacing of the conductors making up the phase. 


Zero-sequence reactances for cables, bus, and busway are difficult to determine because they 
depend on the return path impedance as shown in Figure 2-6a and Figure 2-6b. Obviously, no 
OHGW return exists, but consideration should be given to the cable sheath, shield wire, 
conduit, cable tray, earth path, and other conducting paths involving building steel and fluid 
piping in the vicinity. An exact calculation is generally not possible. When low-resistance 
grounding is used in medium-voltage systems, determining the exact zero-sequence 
impedance of a cable or bus system is seldom necessary because it is negligible when 
compared to the grounding resistor. 


2.7.1.5 Transformers 
As a passive device, the positive- and negative-sequence impedance magnitudes for 


transformers are identical and are equal to the nameplate leakage reactance provided by the 
manufacturer. However, in modeling transformers in symmetrical components, recognizing 
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that an inherent phase shift is associated with delta-connected windings is sometimes 
necessary. Wye-delta and delta-wye transformers built under ANSI standards are designed so 
that high-voltage quantities always lead the corresponding low-voltage quantities by 30°. The 
complete positive-sequence model for a delta-wye or wye-delta transformer, therefore, 
should include a 30° phase shift. Negative-sequence quantities, however, are shifted in the 
opposite direction, and so the negative-sequence representation should include a phase shift 
opposite to the shift considered in positive sequence. These relationships are illustrated in 
Figure 2-7a. Inclusion of these phase shifts is important only if a rigorous calculation is 
needed to determine exact phase currents and voltages on both sides of the transformer, 
including phase angles. Analysts often take the shortcut of neglecting phase shifts if the 
calculations are restricted to determining information on only one side of the transformer. No 
inherent phase shift occurs in wye-wye transformers; therefore, the positive- and negative- 
sequence equivalent circuits for these transformers also do not require phase shifts. 


Higher voltage 


Positive Sequence Negative Sequence 


NOTES 

1—The phase shift in positive sequence is in the same direction as in the physical trans- 
former: high voltage leads low voltage by 30° for ANSI standard transformers. 

2—The phase shift in the negative-sequence circuit is opposite in direction. 


Figure 2-7a—Positive- and negative-sequence equivalent circuits for 
delta-wye or wye-delta transformer 


The zero-sequence impedance of a transformer is controlled by a number of factors. The best 
way to determine a magnitude of this impedance is by an actual test, but the following 
comments, supplemented by information in some of the references, may be used to predict a 
value that is close enough for many applications. First, the zero-sequence impedance seen 
looking into a transformer depends upon the configuration of the winding. The zero-sequence 
impedance of a delta winding is infinite (an open circuit), whereas the zero-sequence 
impedance of a wye-connected winding is a series composite of the zero-sequence impedance 
of the transformer and the impedance of any neutral grounding devices that might be present. 
Thus, an ungrounded wye winding would present an infinite zero-sequence impedance 
because the absence of a neutral grounding connection appears as an open circuit in series 
with the zero-sequence impedance of the transformer winding itself (see Figure 2-7b). The 
impedance of the transformer itself depends upon several factors in the construction of the 
transformer. Three-phase transformers, which are constructed so that a closed, low-impedance 
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path exists for the flow of zero-sequence flux within the transformer, have a lower zero- 
sequence impedance than transformers without such a path. One such path is the transformer 
core. Transformers with core-form construction have lower zero-sequence impedances than 
units with shell-form cores. Three-phase transformers with delta windings have the lowest 
zero-sequence impedance, and in the absence of actual test data, it is often assumed that the 
zero-sequence impedance of core-form transformers with delta windings is about 0.85 times 
the positive-sequence leakage reactance of such transformers. The zero-sequence impedance 
of shell-form transformers has about the same magnitude as the positive-sequence leakage 
reactance of such transformers. Conversely, a three-phase transformer bank consisting of 
three, single-phase transformers connected wye-wye has a very high zero-sequence 
impedance. 


AV QC 


NOTE —The circuit is open on the side corresponding to the delta winding on 
the physical transformer. 


Figure 2-7b—Zero-sequence equivalent circuit for 
delta-wye-grounded transformer 


2.7.1.6 Neutral grounding devices 


Neutral grounding devices such as resistors and reactors appear only in zero sequence. 
Figure 2-8 shows that if zero-sequence current Jp is flowing in each phase conductor, then the 
current in the neutral device is 3/9. Representing the neutral device in zero sequence with a 
resistance or reactance equal to three times the actual device impedance accounts for the cor- 
rect sequence voltage from neutral to ground. 


2.8 Network interconnections 


The most critical aspect of using symmetrical components is in interconnecting the system 
sequence impedance networks. The form that this interconnection should take is determined 
by the type of fault to be calculated. Many possible interconnections exist, and several of the 
references in 2.11 include extended discussions of how these interconnections are derived as 
well as tables of many of the possible combinations. For this recommended practice, 
however, presenting only the four interconnections representing the fault interconnections 
most commonly of interest is sufficient. 
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NOTE— Because zero sequence, by definition, is equal in magnitude and displaced 360° in the 
three phases, the current that shall flow in a neutral grounding circuit is 3/). Therefore, to assure 
that the zero-sequence voltage drop in the equivalent circuit is correct, the physical impedance 
of the neutral circuit shall be multiplied by 3 in the zero-sequence equivalent circuit: 


Varop = 31 x Ln = Io x 3Zn 


Figure 2-8—Zero sequence representation of neutral grounding devices 


Each of these interconnections relate how the positive-, negative-, and zero-sequence net- 
works should be connected together to represent the desired system condition. The sequence 
impedance networks themselves are the one-line diagrams of the system showing the imped- 
ances of the respective sequence. An important concept is that positive sequence is defined as 
the balanced phasors rotating in the direction of rotation of the actual phase quantities on the 
power system; in the vast majority of cases, only the positive-sequence network includes 
voltage sources. 


2.8.1 Balanced three-phase conditions 


Balanced three-phase condition is by far the most common sequence interconnection because 
not only can it be used to analyze three-phase short circuits, it also is the correct representa- 
tion for balanced three-phase load conditions. 


Figure 2-9 is the interconnection for balanced three-phase conditions. Because the system 
condition of interest is balanced, nothing of interest takes place in the negative- and zero- 
sequence networks of the system and they may be ignored. 


The impedance indicated Zyis the fault impedance. In a true bolted fault situation, this imped- 
ance is negligibly small. In other cases, this impedance may be the impedance of a load, and 
the calculation would represent balanced three-phase load conditions. 
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—_—_—_—__0 


Figure 2-9— Sequence interconnections for a balanced three-phase fault, 
which involve only positive-sequence quantities 


2.8.2 Phase-to-phase short circuits 


Faults involving abnormal conduction from one phase to another without involving ground 
may be represented using the interconnection of Figure 2-10. The zero-sequence network is 
not involved and may be ignored. 


a 
ieee 


e——_——————————"————_0 


Figure 2-10— Sequence interconnections for a phase-to-phase fault 
not involving ground 


As for the three-phase condition, Zp would normally be the fault impedance, but it could also 
be a phase-to-phase load impedance if the problem of interest is the response of the system to 
a phase-to-phase-connected single-phase load. 
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An interesting and often useful relationship develops from Figure 2-10. In the special case of 
a zero-impedance phase-to-phase fault, if the negative-sequence impedance of nearby syn- 
chronous machines is approximately equal to the positive-sequence impedances of such 
machines or if no synchronous generators are nearby at all, then the phase-to-phase fault cur- 
rent will be /3/2, or 0.87 times the corresponding three-phase fault current. This relation- 
ship can be proven by calculating sequence currents in Figure 2-10 for the specified condition 
and then converting them to phase currents using Equation (2-4). 


2.8.3 Phase-to-ground short circuits 


The phase-to-ground short circuit is perhaps the most used interconnection because the line- 
to-ground fault is statistically the most common fault geometry. Figure 2-11 shows that to 
represent a single line-to-ground condition, the three sequence networks are connected in 
series at the point of the fault. 


Z 


£9 


Zo 
34, 


NOTE—To account for neutral grounding equipment, 3Z,, has been included. In a solidly grounded 
system, Z, = 0. 


Figure 2-11—Sequence interconnections for a single phase-to-ground fault 


Several important observations exist about the use of this interconnection. First, because the 
zero-sequence network contains an open-circuit anywhere the actual system has a delta- 
connected or ungrounded-wye transformer winding, examining the zero-sequence network is 
necessary only for the portion of the system associated with the fault and bounded by delta- 
connected or ungrounded-wye transformer windings. Second, because the positive- and 
negative-sequence impedances are equal for almost every device, the negative-sequence net- 
work is often not represented in detail. Instead, once a value for the positive-sequence imped- 
ance at the point of fault is determined, this value is substituted for the negative sequence 
also. From this substitution, the current in the interconnected circuit becomes 
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Pe 2-14 

(2Z,+Z, + 3Z,,) ( ) 

ep = Bly = av (2-15) 


(2Z,+Z, + 3Z,,) 


A second consideration is that on systems where the neutral is grounded through a resistor 
designed to limit the fault current to a low value, the magnitude of the resistance in terms of 
zero sequence is so large that all other impedances in the network are insignificant by com- 
parison. Thus, in these cases, calculating a formal symmetrical component to determine 
ground-fault current magnitudes is usually not necessary. 


2.8.4 Open phase 


Open phase is not a short-circuit condition, but it does fall under the generic definition of a 
fault. Figure 2-12 shows that interconnecting the positive- and negative-sequence networks at 
the point of the open phase, with the networks complete on both sides of the discontinuity, 
enables simplified calculations of the condition. 


a O-rt—3>i)hhserrhlé«<tr Dh RO oOo _—$>=. 


NOTE— The sequence networks on the right and left are the respective Thevenin equivalents 
looking in those directions. 


Figure 2-12— Sequence interconnection used to model 
a single open-phase condition 
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2.9 Calculation examples 


IEEE Std 399-1997? introduced a composite one-line diagram for a typical power system to 
illustrate a variety of analytical principles on a single system (see Figure 2-13 in this recom- 
mended practice). 


The process of calculating protective device fault levels requires a series of steps. Today, most 
analysts choose to perform these calculations using computers, and the procedure outlined in 
Item a) through Item h) assumes that computers are used. However, the basic principles apply 
to manual calculations although the analyst in that instance should be more careful to decide 
up front precisely what information is needed in order to minimize the amount of tedious 
work to be done. 


a) State the problem to be solved. The nature of the problem determines the type of cal- 
culation to be done and, in turn, dictates what specific data are required. In the 
present context, the calculation is of fault currents for protective devices. However, 
unlike fault calculations for breaker applications, protective device calculations gen- 
erally are not done for every bus. For illustration, the following examples should be 
calculated: 

1) Example A: Maximum three-phase instantaneous relay current in the 2 Mvar 
13.8 kV power factor capacitor feeder on Bus 4. 

2) Example B: Phase-to-ground-fault current at the receiving end of one of the 
69 kV incoming circuits from the utility (i.e., a fault on the primary bushings of 
Transformer T-1). 

3) Example C: Phase-to-ground-fault current at the secondary terminals of 
1.5 MVA Unit Substation T-5. 

b) Collect data. This step entails understanding the interconnection of the various 
components that make up the system, as well as collecting data on each of the 
components. For example, Figure 2-13 includes information on transformer 
connection that is essential in determining ground fault levels. A one-line diagram is 
usually an essential tool in correlating system data, and some analysts choose to use 
the one-line diagram as the principal tool for recording all the data. 

c) Put aside information that does not apply to the immediate problem. Generally, 
power factor capacitors, surge arresters, and surge capacitors do not contribute to the 
distribution of fault current as recognized by protection engineers, so these compo- 
nents may be ignored. 


More generally, however, some information may affect the magnitude of protective 
device currents, but not necessarily the currents of interest in the immediate problem; 
and in the interest of saving time, ignoring these data may be possible. A good exam- 
ple of this type of data is zero-sequence data. Delta-connected transformers establish 
boundaries for zero-sequence calculations; and, if the problem statement calls for 
ground-fault data in only one area of the system, entanglement with zero-sequence 
data in other areas may be avoided. In the illustration, ground-fault data are required 
at the 69 kV bus at the secondary of Substation T-5; therefore, the analyst may, if 
desired, choose to ignore zero-sequence data elsewhere in the system. 


2Information on references can be found in 2.11. 
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d) Decide on a common base for the per-unit calculations. Base quantities selected for 
this sample system are as follows: 


MVA base: 100 MVA three phase 


KV Base: 69 kV line to line at 69 kV buses 


13.8 kV line to line at 13.8 kV buses 


4.16 kV line to line at 4.16 kV buses 


2.4 kV line to line at 2.4 kV buses 


0.480 kV line to line at 480 V buses 


Frequency base: 60 Hz 


e) Convert component impedances to per-unit values on the appropriate base quanti- 
ties. These per-unit values should be arranged in the fashion required by the computer 
software. For a manual calculation, they should be recorded on a one-line diagram. 
Computer software usually accepts nominal nameplate parameters and performs this 
tedious and exacting task. 

f) Perform the network reduction calculations necessary to arrive at driving-point 
positive- and zero-sequence impedance values at each point of interest defined by the 
original statement of the problem. Using these driving-point impedances, the 
sequence impedance network interconnections discussed in 2.8 should be set up to 
calculate per-unit magnitudes of sequence currents. Finally, these per-unit values 
should be converted into ampere values. Again, this tedious, time-consuming calcula- 
tion is most often done with the computer today. 

g) Set up the sequence impedance connections needed for the desired currents. Again, 
many computer programs can do this step automatically, but it is instructive to take 
raw driving-point impedances and perform this step by hand. For illustration, the 
phase-to-ground-fault current at the secondary of Transformer T-5 [see Example C in 
2.9 a) Item 3)] is calculated manually in 2.9.1 and 2.9.2. 

h) Record the calculated currents. This step is often overlooked although it is extremely 
important. 


2.9.1 Computer model of the example system 


For the sample one-line diagram in Figure 2-13, the system data were modeled using a com- 
puter program to calculate relay currents. The program used to develop these illustrations 
offers graphical output, showing relay currents and necessary system information directly on 
segments of the one-line diagram. The practice of displaying current magnitudes, and direc- 
tion of flow, on the one-line diagram is especially useful to the protection engineer and was 
commonly done even when the primary tools for performing calculations were the pencil and 
a slide rule. 


Rather than provide sample hand calculations, which are difficult to follow, subclause 2.9.2 
indicates only the input data for the system of Figure 2-13. The system can then be modeled 
using a computer, and the sample problems can be calculated. Data for the sample 
system are presented in Table 2-3a through Table 2-3h. 
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Table 2-3a—Sample system input: utility data 


UTIL-1 100:UTIL-6 69.000 1000.00 22.20 765.00 


Table 2-3b—Sample system input: generator data 


Pe [ee [wee [wo we [| 


50: GEN-1 


04: MILL-2 


Table 2-3c—Sample system input: motor data 


EZ-Code 
M-30 51: AUX 200 200 IND 1800 0.48 16.7 | 7.0 >50 
M-31 51: AUX 600 600 IND 1800 0.48 16.7 | 12.0 <50 
M-FDR-L | 08: FDR L 9000 | 9000 SYN | 1800 0.80 | 13.80 | 20.0 | 34.0 Synch 
M-T10-1 28: TIO SEC | 400 400 IND 1800 0.48 16.7 | 10.0 >50 
M-T10-2 28: TIO SEC | 500 500 IND 1800 0.48 16.7 | 5.0 >50 
M-T1--3 33: TIOMCC | 300 300 IND 1800 0.48 16.7 | 12.0 <50 
M-TI1-1 29: T11 SEC | 625 625 IND 1800 0.48 16.7 | 10.0 >50 
M-T11-2 29: T11 SEC | 465 465 IND 1800 0.48 16.7 | 5.0 <50 
M-T11-3 34: TIIMCC | 110 110 IND 1800 0.48 16.7 | 7.0 <50 
M-T12-1 30: T12 SEC | 400 400 IND 1800 0.48 16.7 | 12.0 >50 
M-T12-2 30: T12 SEC | 500 500 IND 1800 0.48 16.7 | 5.0 <50 
M-T12-3 35: TI2MCC | 300 300 IND 1800 0.48 16.7 | 12.0 <50 
M-T13-1 36: T13 SEC | 2500 | 2500 IND 1800 2.30 16.7 | 32.85 | >50 
M-T14-1 37:T14 SEC | 700 700 IND 1800 0.48 16.7 | 12.0 >50 
M-T14-2 37:T14 SEC | 300 300 IND 1800 0.48 16.7 | 5.0 <50 
M-T17-1 49: RECT 1200 | 1200 IND 1800 0.46 29.9 | 8.0 <50 
M-T3-1 39: T3 SEC 1750 | 1662.5 | IND 1800 4.16 16.7 | 29.74 | Ind> 1000 
M-T4-1 11: T4 SEC 500 475 IND 1800 2.4 16.7 | 12.0 >50 
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Table 2-3c—Sample system input: motor data (Continued) 


EZ-Code 


<50 


>50 


<50 


<50 


>50 


<50 


Ind > 1000 


Ind > 1000 


Ind > 1000 


Ind > 1000 


<50 


From bus 


T-1 15000 | 8.00 17.0 | 7.20 17.0 69 13.8 | 69.000 | 01: 69-1 03: MILL-1 

T-10 1500 5.75 | 6.5 5.75 | 6.5 13.8 0.48 | 13.800 | 25: TIO PRI | 28: T10SEC 
T-11 1500 5.75 | 6.5 5.50 | 6.5 13.8 0.48 | 13.800 | 26: FDRG 29: T11 SEC 
T-12 1500 5.75 | 6.5 5.50 | 6.5 13.8 0.48 | 13.800 | 27:T12 PRI | 30: T12 SEC 


T-13 2500 5.75 10.0 | 50.0 10.0 13.8 2.4 13.800 | 31: FDRP 36: T13 SEC 


T-14 1000 5.75 | 5.50 | 50.0 10.0 13.8 0.48 | 13.800 | 32: FDRQ 37: T14 SEC 


T-17 1250 4.50 | 6.0 4.50 | 6.0 13.8 0.48 | 13.800 | 05: FDRF 49: RECT 


T-18 1500 5.75 | 5.91 | 5.75 | 5.91 13.8 0.48 | 13.800 | 50: GEN 1 51: AUX 


T-2 15000 | 8.00 17.0 | 7.40 17.0 69 13.8 | 69.000 | 02: 69-2 04: MILL-2 
T-3 1725 6.00 | 8.0 6.00 | 8.0 13.8 4.16 | 13.800 | 05: FDRF 39: T3 SEC 
T-4 1500 5.75 | 6.5 5.50 | 6.5 13.8 0.48 | 13.800 | 06: FDRH 11: T4 SEC 
T-5 1500 6.75 | 6.5 6.75 | 6.5 13.8 0.48 | 13.800 12: TS PRI 17: TS SEC 
T-6 1500 5.75 | 6.5 5.75 | 6.5 13.8 0.48 | 13.800 13: T6 PRI 18: T6 SEC 
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Table 2-3d—Sample system input: transformer data (Continued) 


From bus 


06: FDR H 19: T7 SEC 


15: FDRI 20: T8 SEC 


16: T9 PRI 21: T9 SEC 


Conduit 

C-El 3/c 1 250 Kemil | Cu PVC 198.12 13.8 | 03: MILL-1 09: FDR-E 
C-E2 3/c 1 250 Kemil | Cu PVC 558.6984 13.8 | 09: FDR-E 25: T10 PRI 
C-E3 3/c 1 250 Kemil | Cu PVC 22.86 13.8 | 09: FDR-E 13: T6 PRI 
C-E4 3/c 1 250 Kemil | Cu PVC 50.292 13.8 | 09: FDR-E 12: TS PRI 
C-F1 3/c 1 250 Kemil | Cu PVC 99.06 13.8 | 03: MILL 1 05: FDR-F 
C-G1 3/c 1 250 Kemil | Cu PVC 207.264 13.8 | 03: MILL 1 26: FDR-G 
C-H1 3/c 1 250 Kemil | Cu PVC 143.5608 13.8 | 03: MILL 1 06: FDR-H 
C-ll 3/c 1 250 Kemil | Cu PVC 298.704 13.8 | 04: MILL 2 15: FDR-I 
C-J2 3/c 1 250 Kemil | Cu PVC 188.6712 13.8 | 04: MILL 2 27: FDR-J 
C-J3 3/c 1 250 Kemil | Cu PVC 361.7976 13.8 | 16: T9 PRI 04: MILL-2 
C-J4 3/c 1 250 Kemil | Cu PVC 60.96 13.8 | 10: EMERG 13: T6 PRI 
C-J5 3/c 1 250 Kemil | Cu PVC 3.048 13.8 | 10: EMERG 12: TS PRI 
C-J6 3/c 1 250 Kemil | Cu Steel 144.78 13.8 | 10: EMERG 27: T12 PRI 
C-L1 3/c 1 250 Kemil | Cu PVC 155.448 13.8 | 04: MILL 2 08: FDR-L 
C-M1 3/c 1 400 Kemil | Cu PVC 155.448 13.8 | 04: MILL 2 24: FDR-M 
C-M2 3/c 1 250 Kemil | Cu PVC 103.632 13.8 | 24: FDR-M 31: FDR-P 
C-M3 3/c 1 250 Kemil | Cu PVC 147.828 13.8 | 24: FDR-M 32: FDR-Q 
C-T10-1 | 3/c 1 250 Kemil | Cu PVC 15.24 13.8 | 28: T10 SEC 38: 480 TIE 
C-T10-2 | 3/c 2 400 Kemil | Cu PVC 6.096 0.48 | 33:T10 MCC | 28: T10 SEC 
C-T11-1 | 3/c 1 250 Kemil | Cu PVC 20.1168 0.48 | 29: T11 SEC 38: 480 TIE 
C-T11-2 | 3/c 2; 400 Kemil | Cu PVC 6.096 0.48 | 34:T11 MCC | 29: T11 SEC 
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Table 2-3e—Sample system input: cable data (Continued) 


Cable/o i Conduit From bus 


250 Kemil , F 38: 480 TIE 30: T12 SEC 


400 Kemil ; : 35:T12 MCC | 30: T12 SEC 


250 Kemil ’ : 22: TS MCC 17: T5 SEC 


250 Kemil A F 23: T6 MCC 18: T6 SEC 


500 Kemil . ; 50: GEN1 03: MILL-1 


Table 2-3f—Sample system input: current-limiting reactor data 


cLr-3 | 23903 | 1000 | 0.800 13.800 04: MILL-2 | 


Table 2-3g—Sample system input: busway data 


BWY-1 | SQD-I-Li | 15.24 1000 0.0016 | 0.0010 28: TIO SEC | 41: LGTS 


Table 2-3h—Sample system input: transmission line data 


Cond/ Size GMD | Length 


100: UTIL-69 


100: UTIL-69 


2.9.2 Computer analysis of the example system 

A computer analysis of the sample system and areas of interest are presented and discussed 
from a protection viewpoint. Equipment duty verification and the application of ANSI or IEC 
multipliers are not considered. 

In a computer analysis of a power system, the mathematical model of the system is developed 


from a bus or node structure describing the system. This relationship allows for easy 
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calculation of the fault current at any bus in the system. Unfortunately, bus currents are not 
the currents seen by protective devices; instead, these devices measure the current that flows 
in the circuit into which they are connected. The appropriate current for evaluating these 
devices is called, in the terminology of computer analysis, a branch current. 


Protection engineers should be careful to evaluate protective devices using correct branch 
currents and not bus currents, which generally are much larger in magnitude. This distinction 
is extremely important and cannot be overemphasized. 


Similarly, protection engineers are often concerned about the performance of ground relays 
or other protective devices that are designed to detect single phase-to-ground-fault condi- 
tions. In interpreting the output from a computer program, the analyst should keep in mind 
that what the program calculates and what the analyst’s protective relay measures may be two 
different things. Many ground relays are wired to receive the residual current from a set of 
three-phase current transformers (CTs) and, as such, measure a physical current that can be 
described in the language of symmetrical components as three times the zero-sequence 
branch current. Often, computer programs produce the zero-sequence current distribution 
without the three multiplier. 


Example A: Calculate the maximum three-phase current measured by an instantaneous 
relay, fuse, or series trip device on the 13.8 kV feeder serving the 2 Mvar power factor 
capacitor on Bus 4. 


Figure 2-14 depicts a portion of the system one-line diagram and shows a fault in the 13.8 kV, 
2 Mvar capacitor feeder on Bus 4. The calculated current magnitudes are 


— 19203 A,rms asymmetrical 


— 12410A,rms symmetrical 


A moderate asymmetrical offset (X/R = 15.65) is present due primarily to the close proximity 
of the generator, which contributes 4080 A of symmetrical current. The largest contributor, of 
course, is the utility, with other sources making up the difference. Because this figure is only 
a portion of the sample one-line diagram (in Figure 2-13), the details of all the source flows 
do not appear in the graphical representation. The capacitor itself does not contribute current 
to the fault. Present practice ignores any capacitor contribution to system short-circuit cur- 
rents on the basis that it occurs so quickly and is out of phase with system currents. In this 
instance, also, a protective device in the capacitor feeder would detect currents flowing from 
the system to a fault on the feeder, or current flowing from the capacitor to the system, but not 
both, again illustrating that the analyst should carefully consider what constitutes the branch 
current measured by the protective device of interest. 


Figure 2-15 shows this same fault condition, but with the impedances adjusted to calculate 
the long-time fault magnitude. The current has decayed to less than 9185 A symmetrical and 
the generator contribution is down to 2721 A. Also, the contributions from motors on the sys- 
tem have dropped to zero. 
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Gen 2 


4.080 kA 9.185 kA Symm. 


Bus 04: MILL-2 


0.529 kA 12.410 kA Symm. 0.613 kA 


19.024 kA Asym. 


X 
CAP-2 
os 


NOTE— A significant de offset exists. (Asymmetrical current is 19.02 kA. The symmetrical current 
is 12.41 kA.) 


Figure 2-14—Distribution of instantaneous currents for fault on capacitor 
feeder in sample system 


Example B: Calculate the phase-to-ground fault on the primary of 69kV 
Transformer T-1. 


Figure 2-16 shows the phase-to-ground-fault current (3/)) at the receiving end of tie line #1 
(at Bus 1). The long-time fault current of 5468 A flows exclusively from the utility source 
because both transformers in the plant have delta-connected primary windings. 


Example C: Calculate the phase-to-ground fault at the secondary of Transformer T-5. 


For illustration, this problem is calculated the old fashioned way, by hand. Figure 2-17 
depicts the sequence network interconnections for this problem. 


Based on the observation that an open circuit exists in the zero-sequence equivalent circuit, 
no current flows for this fault condition; therefore, nothing is to be calculated. 

2.10 Specialized faults for protection studies 

For detailed protection studies, a simple bus fault, even with a full branch display, is not suffi- 
cient to meet the needs of the protection engineer. As noted in Example A, the analyst should 


know how much of the branch current the analyst’s protective device actually measures. 
Because the mathematical model of a power system is developed in terms of buses, or nodes, 
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Gen 2 


2.721 kA 


2.721 kA l 


Bus 04: MILL-2 


9.185 kA 


X 


CAP-2 
oa 


NOTE—The current is purely symmetrical and the contributions from sources other than the 
generator and utility have decayed away. 


Figure 2-15—Calculated distribution of long-time relay current to fault on 
capacitor feeder in sample system 


UTIL-1 


| 5.468 kA 


Bus 100: UTIL-69 


{5.468 kA 
Bus 01: 69-1 7 Bus 02: 69-2 


45.468 kA 


A Tax 
rm | am 
NOTE-—This sketch shows the current that would be seen by a typical ground fault relay that mea- 
sures 3 © Ip. 


Figure 2-16 —Phase-to-ground fault on high-voltage bushings 
of Transformer T-1 


evaluating faults at points other than buses can be difficult. For these reasons, protection engi- 
neers have developed additional computer methods that more realistically simulate exact 


real-world conditions. 
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NOTE—Because this transformer is connected delta-delta, the zero-sequence network is open 
circuited. 


Figure 2-17—Sequence interconnections for single-line-to-ground fault 
at secondary of Transformer T-5 


The line-end fault is defined as the fault at the end of a line with that line end open. Normally 
applied to long transmission circuits where the line impedance may cause an appreciable 
difference between the near-end and far-end currents, line-end faults may also be used to 
examine faults inside transformers or reactors, to study minimum fault conditions with 
downed lines or other high-impedance returns, and, in more complex situations, to study 
mutual coupling between adjacent lines. 


View (a) in Figure 2-18 shows a line fault at the end of a pair of parallel circuits. The magni- 
tude of this fault can be determined by calculating a bus fault at the far-end bus and carefully 
determining the branch current flows. View (b) in Figure 2-18 shows a line-end fault at the 
same location. Obviously, both fault conditions are possible. In fact, a fault might begin as in 
View (a) and progress to the distribution of currents shown in View (b) when the circuit 
breaker at the far end of the faulted circuit trips. 


The line-out fault illustrated in View (c) in Figure 2-18 is similar to the line-end fault except 
that the fault of interest is not at the end of the open line. Instead, faults are calculated at one 
or more locations for the special case of a circuit of interest being removed for such calcula- 
tion. Running a sequence of line-out cases is the same as repeating the system calculation 
with various lines removed from service; the difference is that computer programs that are 
designed to calculate line-out faults do so automatically based on line-switching logic estab- 
lished prior to starting the computer. Line-out calculations are especially important when 
studying the performance of protective devices in network applications. 


In evaluating the application of interrupting devices, taking a line out of service in either a 
line-end or line-out calculation normally reduces the magnitude of calculated bus fault cur- 
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rent. However, branch currents can actually increase when line-end or line-out contingencies 
are evaluated. This is especially true in determining branch residual (3/)) relay currents. 


| 27.002kA | 16.094kA | 16.094 
Source End Source End Source End 
| 13 501K | 16.094kA \ 16.094kA 
0 
| a.50tka { 0 
Far End Far End Far End 
(a) Normal Fault (b) Line End Fault (c) Line Out 


NOTE— These distinctions become important if sources of fault current exist at both the source end 
and the far end of the parallel circuits. 


Figure 2-18 —Distinctions between normal bus faults, line-end faults, and 
line-out fault conditions 


2.11 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (EEE Red Book) 3 
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tems Analysis (EEE Brown Book). 


TEEE Std C37.010-1999, IEEE Application Guide for AC High-Voltage Circuit Breakers 
Rated on a Symmetrical Current Basis. 
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High-Voltage Circuit Breakers Rated on a Total Current Basis. 
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1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 
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Chapter 3 
Instrument transformers 


3.1 Introduction 


This chapter discusses instrument transformers as they relate to protection. Design of these 
devices is discussed only to the extent that it relates to the application and use of instrument 
transformers in protection applications. 


3.2 Current transformers (CTs) 


A CT transforms line current into values suitable for standard protective relays and isolates 
the relays from line voltages. A CT has two windings, designated as primary and secondary, 
which are insulated from each other. The various types of primary windings are covered in 
3.2.1. The secondary is wound on an iron core. The primary winding is connected in series 
with the circuit carrying the line current to be measured; and the secondary winding is con- 
nected to protective devices, instruments, meters, or control devices. The secondary winding 
supplies a current in direct proportion and at a fixed relationship to the primary current. 


3.2.1 Types of CTs 
The four common types of CTs are as follows: 


a) A wound CT has a primary winding consisting of one or more turns mechanically 
encircling the core or cores. The primary and secondary windings are insulated from 
each other and from the core(s) and are assembled as an integral structure (see 
Figure 3-1). 


Figure 3-1— Wound CT 
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b) A bar CT has a fixed, insulated, straight conductor in the form of a bar, rod, or tube 
that is a single primary turn passing through the magnetic circuit and is assembled to 
the secondary, core and winding (see Figure 3-2). 


Figure 3-2—Bar CT 


c) A window CT has a secondary winding insulated from and permanently assembled 
on the core, but has no primary winding as an integral part of the structure. Primary 
insulation is provided in the window through which one or more turns of the line con- 
ductor can be passed to provide the primary winding (see Figure 3-3). 


Figure 3-3—Window CT 


d) A bushing CT has an annular core and a secondary winding insulated from and per- 
manently assembled on the core, but has no primary winding or insulation for a 
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primary winding. This type of CT is used with a fully insulated conductor as the pri- 
mary winding and used typically in equipment where the primary conductor is a 
component part of other apparatus, for example, on bushings of a transformer or cir- 
cuit breaker. 


The secondary windings of bushing CTs are usually fully distributed around the core. 
Typically they are multiratio with each winding tap also being fully distributed. 


3.2.2 Ratios 


IEEE Std C57.13-1993! designates certain ratios as standard. These ratios are shown in 
Table 3-1 and Table 3-2. The standard rated secondary current in all instances is 5 A. 


Table 3-1—CT ratings, multiratio bushing 


si a Secondary taps 


Current ratings 


(A) Secondary taps 


'nformation on references can be found in 3.4. 
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Table 3-2— Ratings for CTs with one or two ratios 


Double ratio 
with taps in 
secondary 
winding 
(A) 


Double ratio with 
series — parallel primary 
windings 
(A) 


25/50:5 
50/100:5 
100/200:5 
200/400:5 
300/600:5 
400/800:5 
600/1200:5 
1000/2000:5 
1500/3000:5 
2000/4000:5 


3.2.3 Application 


The general considerations for the application of CTs are as follows: 


a) 


b) 


50 


Continuous-current rating. The maximum continuous-current rating should be equal 
to or greater than the rating of the circuit in which the CT is used. The magnitude of 
inrush current should also be considered, particularly with respect to its effect upon 
meters, relays, and other connected devices. For example, a 600:5 CT would be rec- 
ommended for use on a circuit with a full-load current of 400 A. 


Continuous-thermal-current rating factor. The continuous-thermal-current rating 
factor is supplied by the CT manufacturer. It identifies the amount of current that can 
be carried continuously without exceeding the limiting temperature rise from 30 °C 
ambient air temperature. The continuous current is multiplied by the rating factor to 
determine the maximum current. (When a CT is incorporated internally as part of a 
larger transformer or power circuit breaker, it shall meet allowable average winding 
and hot-spot temperature limits under specific conditions of the larger apparatus.) 
The rating factors are 1.0, 1.33, 1.5, 2.0, 3.0, or 4.0: for example, a 100:5 CT with a 
rating factor equal to 1.5 may be operated up to current levels of 150:7.5 (150 A pri- 
mary current: 7.5 A secondary current). 
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c) 


d) 


e) 


The secondary devices should be checked for continuous load capability before a CT 
is operated above 5 A secondary current. Damage can occur in meters and relays if 
operated above their limits. 


Short-time thermal rating. The short-time thermal rating is the symmetrical root- 
mean-square (rms) primary current that the CT can carry for 1 s with the secondary 
winding short-circuited, without exceeding the limiting temperature in any winding. 


Short-time mechanical rating. The short-time mechanical rating is the maximum 
current the CT is capable of withstanding without damage with the secondary short- 
circuited. It is the rms value of the ac component of a completely displaced 
(asymmetrical) primary current wave. 


Nominal system voltage. CTs are typically designed to operate continuously at 10% 
above rated nominal system voltage. Standard nominal system voltages for most 
industrial applications are 480 V, 600 V, 2400 V, 4160 V, 12 470 V, 13 800 V, and 
14 400 V. It is common practice to apply window CTs rated 600 V to systems with 
higher voltages. This practice is done by passing fully insulated conductors through 
the window. The conductor insulation functions as the CT primary insulation provid- 
ing a fully rated installation. 


Basic impulse insulation levels (BILs) versus nominal system voltage. The values are 
given in Table 3-3. 


Table 3-3—BILs for CTs 


Maximum line-to- 
ground voltage 
(kV) 


BIL and full wave crest 


Nominal system voltage 


110 or 95 
150 or 125 
200 


3.2.4 Accuracy 


Protective-relay performance depends on the accuracy of the CTs not only at load currents, 
but also at all fault current levels. Accuracy can be visualized as how closely the secondary 
wave shape resembles the primary wave shape. Wave shape and phase difference are both 
components of the accuracy classification. The CT accuracy at high overcurrents depends on 
the cross section of the iron core and the number of turns in the secondary winding. The 
greater the cross section of the iron core, the more flux can be developed before saturation. 
Saturation results in a rapid decrease in transformation accuracy. The greater the number of 
secondary turns, the less flux that is required to force the secondary current through the relay. 
This factor influences the burden the CT can carry without loss of accuracy. 
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IEEE Std C57.13-1993 designates the relaying accuracy class by use of one letter, either C or 
T, and the classification number. C means that the percent ratio correction can be accurately 
calculated, and T means that it has been determined by test. The classification number indi- 
cates the secondary terminal voltage that the transformer delivers to a standard burden (as 
listed in Table 3-4) at 20 times normal secondary current without exceeding a 10% ratio cor- 
rection. The ratio correction should not exceed 10% at any current from | to 20 times rated 
current at standard burden. The standard designated secondary terminal voltages are 10 V, 
20 V, 50 V, 100 V, 200 V, 400 V, and 800 V. For instance, a transformer with a relaying accu- 
racy class of C200 means that the percent ratio correction can be calculated and that it does 
not exceed 10% at any current from | to 20 times the rated secondary current at a standard 
burden of 2.0 Q . (Maximum terminal voltage = 20 x 5 A x 2 Q = 200 V.) 


Table 3-4—Standard burdens for CTs with 5 A secondaries® 


Burden? Resistance Inductance Impedance NO Power 


designation (Q) (mH) eee factor 


Metering burdens 


0.116 
0.232 
0.580 


1.04 
2.08 


Relaying burdens 


23 1.0 
46 2.0 
9.2 
18.4 


“If a CT is rated at other than 5 A, ohmic burdens for specification and rating may be derived by 
multiplying the resistance and inductance in the table by [5/(ampere rating)]“, the voltamperes at 
rated current and the power factor remaining the same. 

>These standard burden designations have no significance at frequencies other than 60 Hz. 


Some industrial power systems may have relatively small individual loads that are connected 
to a bus with inherently high short-circuit currents. The CT ratio tends to be low because the 
maximum current for each load tends to be small. The low-ratio CTs typically chosen result 
in a low accuracy class (i.e., less than C100). A low ratio CT may provide satisfactory perfor- 
mance at moderate overloads, but is inadequate at the high short-circuit levels. The working 
group paper chaired by Linders [B3]° and the article by Dudor and Padden [B3] discuss this 
problem and present some solutions. 


The numbers in brackets correspond to the numbers of the bibliography in 3.5. 
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3.2.5 Burden 


Burden, in CT terminology, is the load connected to the secondary terminals and is expressed 
as 


—  Voltamperes and power factor at a specified value of current, 
— Total ohms impedance and power factor, or 
— Ohms of the resistance and reactive components. 


The term burden is used to differentiate the CT load from the primary circuit load. The power 
factor referred to is that of the burden and not of the primary circuit. To compare various 
transformers, ANSI has designated standard burdens to be used in the evaluation process (see 
Table 3-4). 


3.2.6 Secondary excitation characteristics and overcurrent ratio curves 


Secondary excitation characteristics, as published by the manufacturers, are in the form of 
excitation current versus secondary rms voltage (see Figure 3-4). The values are obtained 
either by calculation from the transformer design data and core-loss curves or by average test 
values from a sample of CTs. The test is an open-circuit excitation current test on the second- 
ary terminals, using a variable rated frequency sine wave voltage and recording rms current 
versus rms voltage. 


ABOVE THIS LINE THE VOLTAGE FOR A GIVEN EXCITING CURRENT 
FOR ANY UNIT WILL NOT BE LESS THAN 95% OF THE CURVE VALUE 


400 SECONDARY. I 
CURRENT SECONDARY RESISTANCE | 
300 | RATIO TURNS (OHMS)* ee 
200 | ,50:5 10 0.045 a 
a et 238 
200:5 40 0.114 y 400:5 
100 | 250:5 50 0.137 300:5 
350:5 60 0.160 250:5 
400:5 80 0:206 200:5 
450:5 90 0.229 : 
50 | 500:5 100 0.252 | 150:5 
40 | 600:5 120 0.298 
30 100:5 
20 
50:5 
10 
BN 
frit - rr BELOW THIS LINE 
3 THE EXCITING 
3 AY CURRENT FOR A 
GIVEN VOLTAGE 
2 FOR ANY UNIT WILL 
NOT EXCEED THE 
1 CURVE VALUE BY 
MORE THAN 25% 
0.5 
0.4 
0.3 
0.2 
0.1 | 


0.001 0.002 0.005 0.01 0.02 0.05 01 020305 1 2345 10 20 30 
*AT 25°C SECONDARY EXCITING CURRENT 


Figure 3-4— Secondary excitation curves for various turn ratios 
of a specific CT 
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For Class T transformers, typical overcurrent ratio curves are plotted between primary and 
secondary current over the range from | to 22 times normal primary current for all the 
standard burdens (except B-0.9 and B-1.8) up to the standard burden that causes a ratio cor- 
rection of 50% (see Figure 3-5). 


22 


BO.1 THRU 1.0 —+ 
20 


18 


B2.0 
16 


B4.0 
14 


12 


10 


TIMES NORMAL SECONDARY CURRENT 


0 2 4 6 8 10 12 14 16 18 20 22 
TIMES NORMAL PRIMARY CURRENT 
Figure 3-5—Typical overcurrent ratio curves for Class T transformers for 
burdens of 0.1 © through 8.0 © (except for B-0.9 and B-1.8) 


3.2.7 Polarity 


Polarity marks designate the relative instantaneous directions of currents. At the same instant 
that the primary current is entering the marked primary terminal, the corresponding 
secondary current is leaving the similarly marked secondary terminal, having undergone a 
magnitude change within the transformer (see Figure 3-6). The primary H, and secondary X, 
terminals are marked with white dots, or with a+ symbol, or with H, and X1. As illustrated in 
Figure 3-6, the marked secondary conductor can be considered a continuation of the marked 
primary line as far as instantaneous current flow is concerned. 
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POLARITY 
MARKS 


Figure 3-6—CT polarity diagram 


3.2.8 Connections 


CTs are usually connected on three-phase circuits in one of three ways, as follows: 


a) 


b) 


Wye connection. In the wye connection, a CT is placed in each phase with time- 
overcurrent relays (Device 51) placed in either two or three CT secondaries to detect 
phase faults. On grounded four-wire systems, a time-overcurrent relay (Device 51N) 
in the CT common wire known as a residually connected relay detects any ground 
fault or neutral load currents. If neutral load currents are not to be detected by the 
Device 51N relay as ground-fault currents, a fourth CT is placed in the neutral 
conductor to cancel the neutral load currents. Secondary currents are in phase with 
primary currents (see Figure 3-7). 

Vee connection. A vee connection is basically a wye with one leg omitted, using only 
two CTs. Applied as shown in Figure 3-8, this connection detects three-phase and 
phase-to-phase faults. A zero-sequence CT (window or bushing) and a ground 
overcurrent relay (Device 50GS or Device 51GS) are required to detect ground-fault 
currents. All three-phase conductors and the neutral (if present) shall pass through the 
CT. 

Delta connection. A delta connection uses three CTs with the secondaries connected 
in delta before the connections are made to the relays. The delta connection shown in 
Figure 3-9 is typically used for power transformer differential relay protection 
schemes where the power transformer has delta-wye-connected windings. The CTs 
on the delta side are connected in wye, and the CTs on the wye side are connected in 
delta. This connection is described in detail in Chapter 4. The delta connection is also 
used for overcurrent protection of grounding transformers where filtering out the 
third-harmonic currents is desirable. When connected in delta, the current in the 
relays is equal to /3 times the CT secondary current. This fact should be considered 
when selecting the primary ratings of CTs and the secondary device ratings of delta- 
connected CTs. 
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PHASE A PHASE C’ 
NEUTRAL PHASE B 


7a 
d 
j— 
BME 
| 
Figure 3-7—Wye-connected CTs 
PHASE A PHASE C 
NEUTRAL PHASE B 


Figure 3-8—Vee- or open-delta-connected CTs 


3.2.9 Examples of accuracy calculations 


Example A and Example B illustrate the calculation technique for determining whether the 
CT provides satisfactory operation under short-circuit conditions with the burden of the 
connected devices. The devices used in the calculation are typical, and representative burden 
values are used. In specific situations, the number and burden of devices installed may vary, 
so the actual values of each device should be used. The examples assume no residually 
connected relay (Device 51N in Figure 3-7) present. Calculations to account for this relay are 
shown in Chapter 5 of Protective Relaying (see Blackburn [B2]). 


56 Copyright © 2001 IEEE. All rights reserved. 


IEEE 


INSTRUMENT TRANSFORMERS Std 242-2001 


RESTRAINT 
PHASE A PHASE C WINDINGS 


PHASE B 


TO WYE- 
CONNECTED 
CURRENT 
TRANSFORMER 


/ 


OPERATING 
WINDING 


RELAY 


Figure 3-9 —Delta-connected CTs 


3.2.9.1 Example A: Calculation using a 600:5 multiratio bushing CT 


Consider a 600:5 multiratio bushing CT with excitation characteristics as shown in 
Figure 3-4. It is connected for a 600:5 ratio (C200 accuracy class) and to a secondary circuit 
containing a phase overcurrent relay with an instantaneous element, a watthour meter, and an 
ammeter. The circuit contains approximately 50 ft of No. 12 wire, and the primary circuit has 
a capability of 24 000 A of fault current. 


From instruction books for the devices and wire resistance tables, the following data are 
obtained: 


Phase relay, time unit, 1 A to 12 A, has a burden of 2.38 VA at 0.375 power factor at 
tap setting of 4 A (520 VA at 0.61 power factor at 100 A). 


Phase relay, instantaneous unit, 20 A to 80 A, has a burden of 4.5 VA at 20 A setting 
(150 VA at 0.20 power factor at 100 A). 


Watthour meter has a burden of 0.77 W at 0.54 power factor at 5 A. 
Ammeter has a burden of 1.04 VA at 0.95 power factor at 5 A. 

Wire resistance equals 1.72 Q per 1000 ft at 25 °C and 1.0 power factor. 
CT secondary resistance equals 0.298 Q at 25 °C and 1.0 power factor. 


The steps for determining the performance of the CT for this application are as follows: 


a) 
b) 
c) 


Determine the CT secondary burden. 
Determine the voltage necessary to pass 100 A through the relay. 


Determine whether the CT can develop this voltage and whether the excitation cur- 
rent from Figure 3-4 is less than 10% of the secondary current, as discussed in 3.2.4. 
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3.2.9.1.1 Step a) 


As stated previously, the burden is expressed in voltamperes at a given power factor or as 
total ohms impedance given by its resistance and reactance components. Because most of the 
devices connected to CTs contain magnetic paths that become saturated, the burden should be 
calculated for the maximum current involved. In this example, operation is evaluated at 
100 A secondary current (20 times rated) and at the actual fault current available. 


Device 1, 520 VA at 100 A at 52.4° Z = 520/(100)? = .052 Q 
Relay, time unit = 0.052<52.4° = 0.0317 + j0.0412 Q 


Device 2, Relay, 150 VA at 100 A at 78.5° Z = 150/(100)? = 0.015 Q 
instantaneous unit = 0.015<78.5° = 0.003 + j0.0147 Q 


Device 3, 0.77 W at 5 A at 57.3° VA = W/PF = 0.77/0.54 = 1.43 VA 
Watthour meter Z= 1.43/(5)? = 0.057 Q 

= 0.057<57.3° = 0.031 + j0.048 
Because a watthour meter also has an 
iron-core magnetic circuit, the power 
factor at 20 times current is approxi- 
mately 0.96. Thus, at 100 A, 
Z = resistance/power factor 

= 0.031/0.96 = 0.0323 Q 
R+jX =0.031 + 50.009 
VA = (100)? x 0.0323 = 323 VA 


Device 4, 1.04 VA at 5 A at 18° Z = 1.04/(5)* = 0.042 Q 

Ammeter = 0.042/18° = 0.040 + j0.013 

Because an ammeter applies basically an 
air-core magnetic circuit, no saturation is 
present at 20 times current. Thus, at 

100 A, 

VA = PZ = (100)? x 0.042 = 420 VA 


Device 5, Wire 1.72 Q per 1000 ft at 25 °C, Thus, at 100 A, 

1.0 power factor VA = PR = (100)? x (1.72 X 50 + 1000) 
= 860 VA 

The one-way distance is used for a three- 
phase circuit, and the two-way distance 
is used for a single-phase circuit. 


Device 6, CT 0.298 Q at 1.00 power factor | Thus, at 100 A, 
secondary resistance VA = PR = (100)? x 0.298 = 2980 VA 


58 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
INSTRUMENT TRANSFORMERS Std 242-2001 


Totaling the burden for Device 1 through Device 6 at 100 A: 


Device Voltamperes Impedance 


520 0.0317 + j0.0412 


150 0.003 + j0.0147 


323 0.031 + j0.009 


0.040 + j0.013 


0.086 


0.298 


0.4897 + j0.0779 


Using the approximate VA Method, Z, = 5253/(100)* = 0.5253 Q. 


Using the accurate R + jX Method, Z, = 0.4897 + j0.0779 = 0.4952 Q. 
NOTE— The approximate Z; compares favorably with the more accurate Z). 
3.2.9.1.2 Step b) at 100 A 


The CT voltage E, necessary to produce a secondary current of 100 A through the burden in 
Step a) is JZ. 


IZ, = 100 x 0.5253 = 52.5 V 
IZ, = 100 x 0.495 = 49.5 V 
3.2.9.1.3 Step c) at 100 A 
From Figure 3-4, find the secondary excitation current /, at the voltage of 52.5 V. 


At E, = 52.5 V, I, = 0.06 A. This voltage is less than 10 A (10% of 100 A), and the relays 
should operate as expected. 


3.2.9.1.4 Further consideration 


If any doubt exists, Step b and Step c should be repeated using the maximum primary current 
of 24 000 A (200 A in secondary). 


3.2.9.1.4.1 Step b) at 200 A 
The CT voltage E, necessary to produce a secondary current of 200 A through the burden in 


Step a) is JZ. 
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IZ, = 200 x 0.525 = 105 V 
IZy = 200 x 0.495 = 99 V 


3.2.9.1.4.2 Step c) at 200 A 


From Figure 3-4, find the secondary excitation current at the voltage of 105 V. At E, = 105 V, 
I, =0.11 A. Again, this voltage is less than 10 A. 


Thus, for this application the CT is more than adequate. The result, however, is essentially the 
same regardless of the calculation method used. 


3.2.9.2 Example B: Using the 200:5 A tap on the 600:5 multiratio CT 

Where the load current is small, selecting a lower ratio CT may be desirable. Using a 200:5 
ratio tap provides the same pickup current when the time-overcurrent relay is set for 12 A. 
Figure 3-4 demonstrates that the accuracy class at 200:5 ratio is no longer C200, but closer to 
C20. The CT secondary resistance is lower, but all other burden values are assumed to be the 


same. From Figure 3-4, the CT secondary resistance is now only 0.114 Q at 25 °C. 


Recalculating the burden of the devices, but using the lower CT resistance: 


Device Impedance 


0.0317 + 30.0412 


0.003 + j0.0147 


0.031 + j0.009 


0.040 + j0.013 


0.086 


0.114 


Total Z = 0.3057 + 0.0779 = 0.3155 Q 


The voltage required for the 200:5 ratio tap is 0.3155 x 100 = 31.6 V. 


From Figure 3-4 for 31.6 V, the excitation current J, = 0.4 A is less than the maximum error 
current of 10 A (10% of 100 A). 


For this application at 100 A secondary fault current (4000 A in the primary), the 200:5 ratio 
appears to be adequate with operation slightly above the knee of the excitation curve for the 
relaying involved. However, because the actual fault current is 24 000 A (120 times CT rat- 


ing), the calculation should be repeated using this value. 


Tyee = 24 000/200:5 = 600 A 
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The voltage required by the burden for the 200:5 ratio is 0.3155 x 600 = 189 V. The CT goes 
into saturation because this voltage is beyond the ability of the 200:5 ratio. A higher CT ratio 
should be used. 


3.2.10 Saturation 


Abnormally high primary fault currents, primary fault currents having a dc offset, residual 
flux, high secondary burden, or a combination of these factors results in the creation of high 
flux density in the CT iron core. When this density reaches or exceeds the design limits of the 
core, saturation results. At this point, the accuracy of the CT becomes poor, and the output 
waveform may be distorted by harmonics. Saturation results in the production of a secondary 
current lower in magnitude than would be indicated by the CT ratio. The severity of this 
transformation error varies with the degree of saturation. With total saturation, virtually no 
secondary current flows past the first quarter cycle. 


For example, selective coordination of protective devices may not occur if CTs on a branch 
circuit saturate. Tripping of the branch circuit breaker may be delayed or may not even occur. 
Such an event would result in the operation of the line-side main circuit breaker and result in 
an more extensive outage than should have occurred. Instantaneous overcurrent relays may 
not even trip (see Linders, et al. [B3]) where the fault currents are high, and bus differential 
relays may falsely trip on through faults. 


To avoid or minimize saturation effects, the secondary burden should be kept as low as possi- 
ble. Where fault currents of more than 20 times the CT nameplate rating are anticipated, a 
different CT, different CT ratio, or a lower burden may be required. A comprehensive review 
of saturation and its effect on the transient response of CTs is presented in IEEE Special Pub- 
lication 76CH1130-4PWR. 


3.2.11 Auxiliary CTs 
Auxiliary CTs may be required to 


— Match the winding ratio of another CT, 
— Provide different ratios from those that are available, 
— Provide a phase shift in the current, or 


— Isolate the circuit 


They should be used only to step-down the current, where possible, as this connection or 
action reflects a lower burden into the main CT. For a burden Zp in the secondary of an auxil- 
iary CT, the corresponding burden Z’z in the secondary of the main CT (see Figure 3-10) is 
given by the expression, 
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where 
N is the ratio of the auxiliary CT. 
Thus for a step-down ratio of 10:5, N = 2 and Z’z = 0.25 Zp. However, for a step-up ratio of 


5:10, N =0.5 and Z’p = 4.0 Zp. The step-down CT should be used whenever possible because 
it reduces the burden of the connected devices on the main CT (see Dudor and Padden [B3]). 


N= _PRIMARY AMPERES 
SECONDARY AMPERES 


Figure 3-10—Auxiliary CTs 


3.2.12 Safety precautions 


An important precaution with respect to CTs is that they should never be operated with the 
secondary circuit open because hazardous voltages may result. Any CT that has been sub- 
jected to open secondary circuit operation should be examined for possible damage before 
being placed back in service. A voltage-limiting device may be installed to reduce the hazards 
of open secondary circuits. 


3.3 Voltage (potential) transformers (VTs) 


A VT is basically a conventional transformer with primary and secondary windings on a 
common core. Standard VTs are single-phase units designed and constructed so that the 
secondary voltage maintains a fixed relationship with primary voltage. The required rated 
primary voltage of a VT is determined by the voltage of the system to which it is to be 
connected and by the way in which it is to be connected (e.g., line to line, line to neutral). 
Most VTs are designed to provide 120 V at the secondary terminals when nameplate-rated 
voltage is applied to the primary. Standard ratings are shown in Table 3-5 and Table 3-6. 
Special ratings are available for applications involving unusual connections. 


VTs are capable of continuous and accurate operation when the voltage applied across the 
primary is within +10% of the rated primary voltage. 
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Table 3-5—Ratings and characteristics of VTs with 100% of rated primary 
voltage across the primary winding when connected line to line or line to 


Rated primary voltage for 
rated voltage line to line 
(V) 


120 for 208 Y 
240 for 416 Y 
300 for 520 Y 


120 for 208 Y 
240 for 416 Y 
300 for 520 Y 
480 for 832 Y 
600 for 1040 Y 


2400 for 4160 Y 


4200 for 7280 Y 
4800 for 8320 Y 


7200 for 12 470 Y 
8400 for 14 560 Y 


ground 


Marked ratio 


Basic impulse insulation level 
(kV crest) 


75 
75 


110 or 95 
110 or 95 


Table 3-6— Ratings and characteristics of VTs primarily for line-to-line service® 


Rated primary voltage for 
rated voltage line to line 
(V) 


120 for 120 Y 
240 for 240 Y 
300 for 300 Y 
480 for 480 Y 
600 for 600 Y 


2400 for 2400 Y 


4800 for 4800 Y 


7200 for 7200 Y 


12 000 for 12 000 Y 
14 000 for 14 000 Y 


24 000 for 24 000 Y 
34 500 for 34 500 Y 


Marked ratio 


Basic impulse insulation level 
(kV crest) 


10 
10 
10 
10 
10 


45 
60 
75 


110 or 95 
110 or 95 


150 or 125 
200 or 150 


"May be applied line to ground or line to neutral at a winding voltage equal to the primary 


voltage rating divided by 3 . 
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Standard accuracy classifications of VTs range from 0.3 to 1.2, representing percent ratio 
corrections to obtain a true ratio. These accuracies are high enough so that any standard 
transformer is adequate for most industrial protective relaying purposes as long as it is 
applied within its open-air thermal and voltage limits. Standard burdens for VTs with a 
secondary voltage of 120 V are shown in Table 3-7. 


Table 3-7 —Standard burdens for VTs 


a 


Characteristics on standard burdens Characteristics on 120 V basis 


Volt- Power Resistance Inductance Impedance 
amperes factor (Q) (mH) (Q) 


Designation 


“These burden designations have no significance except at 60 Hz. 


Thermal burden limits, as given by transformer manufacturers, should not be exceeded in 
normal practice because transformer accuracy and life will be adversely affected. Thermal 
burdens are given in voltamperes and may be calculated by simple arithmetic addition of the 
voltampere burdens of the devices connected to the transformer secondary. If the sum is 
within the rated thermal burden, the transformer should perform satisfactorily over the range 
of voltages from 0% to 110% of the nameplate voltage. 


Polarity on VTs is normally identified by marking a primary terminal H, and a secondary ter- 
minal X,. Alternatively, these points may be identified by distinctive color markings. The 
standard voltage relationship provides that the instantaneous polarities of H, and X, are the 
same. 


Where balanced system load and, therefore, balanced voltages are anticipated, VTs are usu- 
ally connected in open delta. Where line-to-neutral loading is expected, VTs are more often 
connected wye-wye, particularly where metering is required. Many protective devices require 
specific delta or wye voltages; therefore, specific requirements should be studied before 
choosing the connection scheme. Wye-delta or delta-wye connections are occasionally used 
with certain special relays, but these connections are infrequent in industrial use. Where 
ungrounded power systems are used, VTs connected wye-broken-delta are sometimes used 
for ground detection. When so connected, the transformers can seldom be used for any other 
purpose. Broken-delta connections used on ungrounded systems should normally include a 
loading resistor in the secondary to mitigate possible ferroresonance between the system 
capacitance and the VT. (See Fink and Beaty [B5] and Linders, et al.[B3]) 


64 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
INSTRUMENT TRANSFORMERS Std 242-2001 


The application of fuses to VT circuits has been a subject of discussion for many years. The 
main purpose of a VT primary fuse is to protect the power system by de-energizing failed 
VTs. General practice now calls for a current-limiting fuse or equivalent in the system. 
Figure 3-11 shows a typical VT with fuses. 


Figure 3-11—Typical VT 


VT secondary fusing practices cannot be so clearly defined. It is usually impossible to select 
primary fuses that protect the transformer from most overloads or faults in the external 
secondary circuit. Secondary fuses selected to interrupt at loadings below the thermal burden 
rating can provide such protection. Where branch circuits are tapped from VT secondaries to 
supply devices located at a distance from the VT, it may be desirable to fuse the branch at a 
reduced rating. 


3.4 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


TEEE Std C57.13-1993, IEEE Standard Requirements for Instrument Transformers. 
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Chapter 4 
Selection and application of protective relays 


4.1 General discussion of a protective system 


Power systems should be designed so that protective relays operate to sense and isolate faults 
quickly to limit the extent and duration of service interruptions. Protective relays are impor- 
tant in industrial power systems because they can prevent large losses of production due to 
unnecessary equipment outages or unnecessary equipment damage occurring as a result of a 
fault or overload. Other considerations are safety, property losses, and replacements. Protec- 
tive relays have been called the watchdogs or silent sentinels of a power system. 


Protective relays are classified by the variable they monitor or by the function they perform. 
For instance, an overcurrent relay senses current and operates when the current exceeds a pre- 
determined value. Another example is a thermal overload relay that senses the temperature of 
a system component, either directly or indirectly (as a function of current), or both, and oper- 
ates when the temperature is above a rated value. 


The application of relays is often called an art rather than a science because judgment is 
involved in making selections. The selection of protective relays requires compromises 
between conflicting objectives, while maintaining the capability of operating properly for 
several system operating conditions. These compromises include providing 


a) Maximum protection 

b) Minimum equipment cost 

c) Reliable protection 

d) High-speed operation 

e) Simple designs 

f) High sensitivity to faults 

g) Insensitivity to normal load currents 

h) Selectivity in isolating a minimum portion of the system 


Planning for the protection system should be considered in the power system design stage to 
ensure that a good system can be implemented. The cost of applying protective relays should 
be balanced against the potential costs of not providing protection. 


Electromechanical relays have been used for over 60 years to provide power system 
protection. They are known for their reliability, low maintenance, and long life of operation. 
However, since the early 1960s, static relays have been used in an increasing number of 
applications. Static relays provide the advantages of lower burden, improved dynamic 
performance characteristics, high seismic withstand capability, self-monitoring, 
multifunctionality, system monitoring, and reduced panel space requirements. 


Many of the protection functions can be accomplished equally well by either electromechan- 
ical or static relays. The specific application should dictate which type of relay is used. 
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The various protective relay functions have been given identifying device function numbers, 
with appropriate suffix letters when necessary. All of these numbers are listed in 
IEEE Std C37.2-1996! and are used in diagrams, instruction books, and specifications. Many 
possible numbers can be used; but, for convenience, only the ones most commonly used are 
listed in Table 4-1, along with the function that each number represents. 


Table 4-1—Abbreviated list of commonly used relay device function numbers 


Relay device 


. Protection function 
function number 


Distance 


Synchronizing 


Undervoltage 


Directional power 


Loss of excitation (field) 


Phase balance (current balance, negative-sequence current) 


Phase-sequence voltage (reverse phase voltage) 


Thermal (generally thermal overload) 


Instantaneous overcurrent 


Time-overcurrent 


Overvoltage 


Voltage balance (between two circuits) 


Directional overcurrent 


Frequency (under and overfrequency) 


Lockout 


Differential 


Table 4-2 lists the commonly used suffix letters applied to each number denoting the circuit 
element being protected or the application. Each of the relay types listed in Table 4-1 is dis- 
cussed in some detail in this chapter, along with their operating principles and applications. 


‘Information about references can be found in 4.5. 
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Table 4-2—Commonly used suffix letters applied to relay function numbers 


Suffix letter Relay application 


Alarm only 


Bus protection 


Ground-fault protection [relay current transformer (CT) in a system neutral cir- 
cuit] or generator protection 


Ground-fault protection (relay CT is toroidal or ground sensor) 


Line protection 


Motor protection 


Ground-fault protection (relay coil connected in residual CT circuit) 


Transformer protection 


Voltage 


“Examples: 

(1) 87T, transformer differential relay 

(2) 51G, time-overcurrent relay used for ground-fault protection 

(3) 49M, motor winding overload (or over-temperature) relay 

(4) 87B, bus differential relay or partial bus differential relay (also called summation differential) 


4.2 Zones of protection 


A separate zone of protection is normally established around each system element. This prac- 
tice logically divides the system into protective zones for generators, transformers, buses, 
transmission lines, distribution lines or cable circuits, and motors. Any failure occurring 
within a protection zone sends a trip signal to circuit breakers serving that zone to isolate the 
faulted equipment from the rest of the system. 


Protection zones are classified as primary and/or backup. The primary protective relays are 
the first line of defense against system faults and operate first to isolate the fault. Typically, 
high-speed relays (i.e., | cycle to 3 cycles exclusive of breaker operating time) with high 
drop-out rates are applied in these applications. 


When a fault is not isolated after some time delay, backup protection clears the faulted equip- 
ment by retripping the primary circuit breakers or by tripping circuit breakers in adjacent 
zones. When adjacent zones are tripped by backup protective relays, more of the power sys- 
tem is removed from service. 


Backup protection can be either local or remote. Local backup protection is located within 
the zone in which the fault occurs, and trips either the primary circuit breaker or circuit break- 
ers in adjacent zones. Remote backup protection is located in adjacent zones and generally 
only trips circuit breakers in their zone. 
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The protection zones generally overlap to ensure no portion of the power system is left unpro- 
tected. Also, primary and backup protection systems should be selectively coordinated by 
current magnitude, time, fault type, direction, temperature, etc. 


4.3 Fundamental operating principles 


Protective relays generally operate in response to one or more electrical quantities to open or 
close contacts or to trigger thyristors. (An exception is a thermal relay, which operates in 
response to temperature levels.) Relays are constructed using either electromechanical or 
static principles. 


4.3.1 Electromechanical relay operating principle 
Electromechanical relays have only two operating principles: 


— Electromagnetic attraction 


— __ Electromagnetic induction 


Electromagnetic attraction relays operate by having either a plunger drawn by a solenoid or 
an armature drawn to a pole of an electromagnet. This type of relay operates from either an ac 
or a de current or voltage source and is used for instantaneous or high-speed tripping. 


Electromagnetic induction relays use the principle of the induction motor, where torque is 
developed by induction into a rotor. This principle is used in an electromechanical watthour 
meter, where the rotor is a disk. The actuating force developed on the rotor is a result of the 
interaction of the electromagnetic fluxes applied and the flux produced by eddy currents that 
are induced in the rotor. 


Induction relays can only be used in ac applications, and the rotor is normally a disk or a cyl- 
inder. Time-overcurrent, time-undervoltage, and time-overvoltage relays commonly are of 
the disk design, while cup (cylinder) structures are often found in high-speed overcurrent, 
directional, differential, and distance relays. 


4.3.2 Static relay operating principle 


Static relays are either analog or digital. Static analog relays were first introduced in the early 
1960s and were typically designed to emulate the characteristics of their electromechanical 
counterparts. Soon, digital technology was implemented in relay design with characteristics 
available that were outside the capabilities of the electromechanical design. 


Operation of the static design converts input signals to an appropriate magnitude for measure- 
ment within the relay, which is in direct proportion to the system signal. The measured value 
is then compared against a predetermined setting. Timing and other characteristics are 
derived from either the analog circuit design or algorithms within a microprocessor. 
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4.4 Functional description—application and principles 
4.4.1 Distance relay (Device 21) 
4.4.1.1 Application 


Distance relays are widely used for primary and backup protection on subtransmission and 
transmission lines where high-speed relaying is desired, normally on circuits having voltages 
above 34.5 kV. Other applications include generator backup protection for faults on the sys- 
tem and startup of large motors with high inertia (see Chapter 10). 


4.4.1.2 Operation principles 


Distance relay is a generic term applied to impedance relays that use voltage and current 
inputs to provide an output signal if a fault is within a predetermined distance from the relay 
location. Distance to the fault is calculated from the voltage-to-current ratio as a measure of 
impedance, from the imaginary component of the voltage-to-current ratio as a measure of 
reactance, or from the current-to-voltage ratio as a measure of the admittance. The major 
advantage of a distance relay is that it responds to system impedance instead of the 
magnitude of current. Thus, the distance relay has a fixed distance reach as contrasted with 
overcurrent relays for which the reach varies as short-circuit levels and system configurations 
change. 


Electromechanical distance relays utilize an induction cup construction to achieve operating 
times of I cycle to 1.5 cycles. Static distance relays have an inherent operating time of 
0.25 cycle to 0.5 cycle. A fixed time delay is added when required for selectivity. 


Distance relay characteristics can be shown graphically in terms of two variables, R and X (or 
Z and 0), where R is the resistance, X is the reactance, Z is the impedance, and 0 is the angle 
by which current lags voltage. The relay characteristics and the line impedance can be plotted 
on the same R-X diagram for analysis. In examining R-X diagrams, it should be recalled that 
regions of positive R and X represent impedances in a defined tripping direction, while the 
third quadrant (negative R and X) contain impedance behind the relay, or in the nontripping 
direction. The origin of the R-X diagram is placed at the relay location, which is defined by 
the location of its CTs and voltage transformers (VTs). 


4.4.1.3 Reactance distance relay 


Reactance relays measure the reactive component of system complex impedance. A generic 
reactance relay characteristic appears on the R-X diagram as a straight line parallel to the 
R-axis, as shown in Figure 4-1. 


Operation of the generic reactance relay occurs when the reactance from the relay to the point 
of fault, X> in Figure 4-1, is less than or equal to the reactance X,. Reactance Xj is the reac- 
tance setting of the relay. The relay also responds to any reactance in the negative direction. 
Reactance relays are inherently nondirectional. Operation is practically unaffected by arc 
resistance, but reactance relays may operate on load current and hence should be used in 
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NO OPERATION 


(Ro. Xa) OPERATION 


SETTING 


IMPEDANCE FROM RELAY 
TO FAULT 


-R A 


-X 


Figure 4-1—R-X diagram for the generic reactance relay 


conjunction with other relays to restrict their reach along the R-axis and in the reverse, 
negative-reactance direction. 


4.4.1.4 Impedance distance relay 


The impedance relay measures the magnitude of the complex impedance. The generic imped- 
ance relay characteristic is a circle on the R-X diagram as shown in Figure 4-2. 


NO OPERATION OUTSIDE CIRCLE 
OPERATION INSIDE CIRCLE 


-R 
IMPEDANCE FROM RELAY 
TO FAULT = Rz + JX 


RELAY SETTING = R, + JX, 


-x 


Figure 4-2—R-X diagram for the generic impedance relay 


Operation of the generic impedance relay occurs when the resistance and reactance (imped- 


ance) from the rel be point of fault, Z) = Ry + JX, in Figure 4-2, lies within the circle 
having radius Ras +X, , impedance Z, = R, + JX, is the setting on the relay. 


To make the impedance relay directional, the generic impedance relay should be used in con- 
junction with other relays to restrict their reach in the reverse direction (i.e., third quadrant of 
the R-X diagram). 
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4.4.1.5 Mho distance relay 


An mho relay measures complex admittance, but unlike impedance relays, mho relays are 
directional. The mho distance relay has a circular characteristic, as shown in Figure 4-3. 


x 


NO OPERATION OUTSIDE CIRCLE 
OPERATION INSIDE CIRCLE 


IMPEDANCE 
FROM RELAY 
TO FAULT 


R 


Figure 4-3—R-X diagram for the mho relay 


Relay operation occurs when the impedance from the relay to the fault, Z, = Ry + JX, in 
Figure 4-3, lies inside the mho characteristic. Because the circular characteristic falls mainly 
in the first quadrant of the R-X diagram, the mho relay is directional. 


For special applications, a mho characteristic may be shifted in either forward or reverse 
directions. For loss of field applications (see 4.4.5), the mho relay characteristic is centered 
on the X-axis, with its center offset in the negative direction from the R-axis, as shown in 
Figure 4-4a. 


REACTANCE UNIT 
SETTING = X, 


Figure 4-4a—R-X diagram for mho relay being applied as 
a loss-of-field relay for a synchronous generator 
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4.4.1.6 Mho-supervised reactance relay characteristic 


For applications on short lines, a composite consisting of an ohm (reactance) unit and a mho 
unit in one case is often used. The mho unit, called the starting unit, provides a directional 
function. The tripping contacts of the mho unit and ohm unit are in series so that relay trip- 
ping is confined to the areas where both characteristics overlap (see Figure 4-4b). 


R 


OPERATION WHEN 
{MPEDANCE FALLS 
WITHIN CIRCLE 


NO OPERATION 
OUTSIDE CIRCLE 


MHO UNIT 


Xg = GENERATOR SYNCHRONOUS 
REACTANCE 

Xqg = GENERATOR TRANSIENT 
REACTANCE 


Xa 
xd + 


Figure 4-4b—R-X diagram for the mho-supervised reactance relay 


A trip signal occurs if the reactance from the relay to the point of fault is less than or equal to 
X, and the impedance from the relay to the fault is within the mho characteristic. 


4.4.1.7 Directional impedance relay characteristic 


One type of directional impedance relay that is sometimes used is shown in Figure 4-5. The 
origin of the relay’s circular characteristic is shifted into the first quadrant, and a directional 
element is added. Breaker tripping occurs when the impedance between the relay and the 
fault is within the relay’s unshaded circular characteristic. Many other characteristic shapes 
have been used over the past several years. Many of these shapes are known by the name of 
the item that they resemble (e.g., ice cream cone, tomato). Each of these various characteris- 
tics were developed to more closely match the characteristics of the line to eliminate 
unwanted operations. 


4.4.2 Synchronism check and synchronizing relays (Device 25) 

4.4.2.1 Application 

Synchronism check and automatic synchronizing relays are applied when two or more 
sources of power are to be connected to a common bus (see Figure 4-6a and Figure 4-6b). 
The success of connecting two sources together depends largely upon securing small and 


preferably diminishing differences in the voltage magnitudes, phase angles, and frequencies 
of the two sources at the time they are to be connected together. 
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Figure 4-5—R-X diagram for a directional impedance relay 
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Figure 4-6a—Application of synchronism check relay to connect 
two systems together 


Synchronism check (also called sync-check or syncro-verifier) relays permit automatic or 
manual closing of a circuit breaker or switches only when the systems on each side of the 
devices are within the setting criteria of the relay (see Figure 4-6a). Sync-check relays are 
typically applied for supervision of manual closing on small generators, as backup protection 
for automatic synchronizing of larger generators, and at locations where the system may 
become separated and loss of synchronism between the two resulting systems may occur. 


Automatic synchronizing relays may be used to automatically close or supervise the closing 
of a circuit breaker whose function is to connect a generator to a system or to connect two 
separate systems (see Figure 4-6b). The same automatic synchronizing relay may be used to 
control more than one circuit breaker at a station by switching the relay wiring to the poten- 
tial and control circuits of the unit being synchronized. 
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Figure 4-6b— Application of synchronizing relay to connect a generator onto 
a system bus 


Manual synchronization requires training, use of good judgment, experience, and the careful 
attention of the operator. Switchgear and generating equipment have been damaged as a 
result of misjudgment by an operator. Bent shafts of industrial-size turbine generators occur 
all too often when operators close circuit breakers when the systems are too far out of phase. 
Therefore, manual synchronizing is not recommended unless it is supervised with a relay that 
performs a synchronizing verification. 


4.4.2.2 Synchronism check (sync-check) relays 


Recommended practice promotes the use of a sync-check relay as a permissive device to 
supervise manual or automatic closing of a circuit breaker or switch between two systems. In 
this scheme, as shown in Figure 4-6a, a normally open contact of a sync-check relay in series 
with the circuit breaker’s or switch’s closing circuit prohibits the closing of the device when 
system conditions are outside the setting criteria of the relay and minimizes the risk of equip- 
ment damage. 


Relay supervision of manual synchronism is accomplished in the following way: The opera- 
tor performs all the normal manual synchronizing functions, but cannot complete the circuit 
breaker close circuit until the relay senses that the systems are in synchronism. When the 
operator is satisfied that the systems are in synchronism, the device’s closing switch is oper- 
ated to connect the two sources together. The relay monitors the voltages on each side of the 
device; and when the phase-angle and voltage difference between the two systems are within 
the preset values for a defined period, the relay’s normally open contact closes and allows 
closure of the device. 


The period, which is adjustable on the relay, defines the allowable system slip rate. The 
shorter the period, the higher the slip rate allowed. High slip rates or a late closing signal 
could permit the sources to be connected at an angle greater than the desired closing angle. 
This situation can lead to possible equipment damage because the system may be out of 
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synchronism by the time the device actually closes its contacts. Therefore, a longer period is 
normally used to require a lower slip rate between the two systems. 


Sync-check relays are available with fixed and adjustable closing angles. Adjustable closing 
angles are typically set between 10° and 30° and are centered around 0° phase angle (i.e., a 
phase-angle setting of 20° would produce a total window of 40° centered about zero). How- 
ever, static synch-check relays are available, which provide dynamic phase-angle window 
settings. In this case (Figure 4-6c), the phase angle can be selected from one of four options: 


— _ Phase-angle window only on the fast side 

—  Phase-angle window only on the slow side 

—  Phase-angle window on either side with the window dynamically changing based on 
the rotational direction of the synchroscope needle 

— The traditional method with the total phase-angle window centered about zero, 
regardless of rotational direction 


FAST SIDE SLOW SIDE 


DYNAMIC CENTERED ABOUT ZERO 


Figure 4-6c— Application of synchronizing relay dynamic characteristic 


Limiting the phase-angle window to only one side of the synchroscope limits the possible 
damage caused as the result of a slow-closing device receiving a close signal just prior to 
exiting the trailing edge of the window. For example, in Figure 4-6d, the phase-angle setting 
is +20° with a time-delay setting of 1.388 s. These parameters provide for a slip setting of 
0.08 Hz, derived as follows: 
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T = 40°x 60 s/min 
360° x 4.8 rpm 
T = 1.388 
where 


Slip (Hz) = Cycle/s = Rev/s 


Rev 60s _ Rev 
S min min 


Slip x 60 = rpm (rev/min) 
Assuming 0.08 Hz slip, 

rpm = 0.08 x 60 = 4.8 
and 


360° _ Rev. 1 min 
x 


1 Rev min 60sec 


Therefore, 
0. 48 ere 
360 Xepes st 
_ 40°x60 _ 
= 360°x4.8 — 1788S 


x T = Angle(°) 


CHAPTER 4 


These settings mean that the two systems should be no further than 20° apart with a slip of not 


more than 0.08 Hz. 


Sync-check relays can also be programmed to provide automatic closing under certain condi- 
tions. Most sync-check relays have the capability of providing automatic closing when one or 


more of the following conditions occur: 


— Live line/dead bus 
— Dead line/live bus 
— Live line/live bus 
— Dead line/dead bus 


If any of these condition switches are selected, and that condition occurs, the relay provides a 
close signal without the function of synchronism verification. These condition switches allow 
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Figure 4-6d—Application of synchronizing relay 


greater system flexibility to regain load quickly where no danger exists in closing without 
synchronization. Care should be taken when selecting these condition switches to ensure that 
proper synchronization is applied elsewhere when a dead line or bus is automatically ener- 
gized. 


4.4.2.3 Automatic synchronizing relays 


An automatic synchronizing relay is used for synchronizing an incoming generator to a 
power system. Automatic synchronizing is applied to generating equipment where the station 
is unattended; where the element of human error should be ruled out in the start-up proce- 
dures of a generating unit; or where consistent, accurate, and rapid synchronization is pre- 
ferred. The relays used are multifunctional devices that sense the differences in phase angle, 
voltage magnitude, and frequency of the sources on both sides of an incoming generator 
breaker and initiate corrective signals to the prime mover and field in order to adjust the gen- 
erator frequency and voltage until the systems are in synchronism. 


Most automatic synchronizing relays can anticipate an advance angle at which to initiate 
breaker closing so that, when the circuit breaker is closed, the systems are as close to exact 
synchronism as possible. A synchroscope is used to monitor the synchronizing process. From 
the time the relay initiates a close signal until the breaker’s contacts actually close, the needle 
travels a certain distance (measured in degrees) around the scope. The distance traveled can 
be determined based on the speed of rotation and how long it was permitted to rotate. The 
scope’s needle rotates at a speed that is directly proportional to the slip frequency between the 
generator and the system. Therefore, given the circuit breaker’s closing time and the desired 
slip rate, the rotational distance traveled (or advance closing angle) can be determined. 
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When the generator is to be connected to the system, the appropriate synchronizing switch is 
selected and closed. The synchronizing equipment performs the following functions 
automatically: 


a) A speed-matching relay element senses the frequency difference between the sources 
and adjusts the governor with raise or lower signals to control the speed of the incom- 
ing generator and thereby matches the frequency of the generator with the frequency 
of the running system bus. 


b) A voltage-matching relay element compares the running system and incoming gener- 
ator voltages and provides raise or lower signals to the excitation system of the 
incoming generator so that its voltage matches the running system voltage. 


c) As the phase angle between the two systems approaches zero, the relay energizes the 
circuit breaker's closing circuit at an advance angle determined by the relay so that 
when the circuit breaker contacts close, the two systems are in synchronism. The 
synchronizing relay itself has at least two adjustable settings that should be made for 
correct performance. One adjustment permits the relay to accommodate breaker 
closing time, for example, 0.05 s to 0.4s, and one adjustment sets the maximum 
phase-angle advance, from 0° to 30-40°. The advance closing angle is calculated by 
the following expression: 


8 = 360(st) 
where 
6 is advance angle (°), 
Ss is slip frequency (cycles/s), 
t is breaker closing time (s). 


For example, for systems coming into synchronism rapidly, that is, s = 0.5 cycles/s, the clos- 
ing circuit should be energized well in advance of synchronism. If the circuit breaker has a 
0.15 s closing time, the advance angle required would be 27°. If the slip frequency is much 
lower, then the advance angle is much smaller. For a 0.1 cycle/s slip frequency, the closing 
angle is now 5.4°. Thus, precise control of the point of synchronism can be obtained. 


Several different schemes for automatic synchronizing can be developed depending on 
economics, reliability, and operating system requirements. By using electromagnetic relays, 
several relays are required to perform all functions. Static relays provide all the functions in 
one unit. 


4.4.3 Undervoltage relays (Device 27) 
4.4.3.1 Application 
An undervoltage relay is calibrated on decreasing voltage to close a set of contacts at a 


specified voltage. The typical uses for this relay function include 
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a) Bus undervoltage protection. The undervoltage relay may either alarm or trip 
voltage-sensitive loads, such as induction motors, whenever the line voltage drops 
below the calibrated setting. A time-delay relay is normally used to enable it to ride 
through momentary sags and thus prevent nuisance operation. For electromechanical 
relays, to prevent the inertia (or overtravel) of the time-delay relay from tripping the 
circuit, an instantaneous undervoltage relay with its contacts connected in series with 
the time undervoltage relay contacts may also be used to provide a fast reset time. 


b) Source transfer scheme. The undervoltage relay is used to initiate the transfer and, 
when desired, retransfer of a load from its normal source to a standby or emergency 
power source. Due to the possibility of a motor load, this relay has a time delay in 
order to preclude out-of-synchronism closures. 


c) Permissive functions. An instantaneous undervoltage relay is used as a permissive 
device to initiate or block certain action when the voltage falls below the dropout 
setting. 

d) Backup functions. A time-undervoltage relay may be used as a backup device follow- 
ing the failure of other devices to operate properly. For example, a long time-delay 
relay may be used to trip an isolated generator and its auxiliaries if the primary pro- 
tective devices fail to do so. 


e) Timing applications. A time-undervoltage relay can be used to insert a precise 
amount of time delay in an operating sequence. Certain protective functions, such as 
a negative-sequence overvoltage relay, may require a time delay to prevent nuisance 


tripping. 
4.4.3.2 Operation principles 
Undervoltage relays may be either electromechanical or static. 
4.4.3.2.1 Electromechanical design 


Time-undervoltage relays of the electromechanical design generally use the induction disk 
principle. When the applied voltage is above the pickup, the normally closed contacts open 
and are maintained open as long as the voltage remains above the dropout voltage. When the 
voltage is reduced to the dropout value and below, the relay contacts begin to close. The oper- 
ating time is inversely related to the applied voltage, and several ranges of time delay are 
available. Typical operating characteristics are shown in Figure 4-7. Frequency-compensated 
models are available that maintain constant operating characteristics over a specified range of 
frequency variation. 


Instantaneous undervoltage relays of the electromechanical design are built in two basic 
types. The first is a high-speed cylinder design that has a dropout time of less than 1.5 cycles 
and a dropout voltage that can be accurately set over a wide calibration range. In a three- 
phase design, the relay may also respond to a reverse phase-sequence condition. The second 
type consists of a dc hinged-armature telephone relay rectified by a full-wave bridge for ac 
operation. A Zener diode provides for an accurate operating point, the value of which is 
determined by a rheostat. The dropout voltage is adjustable over a specified range, and the 
operating time is approximately 1 cycle at 0 V. 
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Figure 4-7—Typical time-voltage characteristic of an undervoltage relay 


AC electromechanical hinged-armature relays cannot generally be used as undervoltage 
relays because they would have to remain continuously picked up when voltage is nominal. 
AC relays operated in this fashion would attempt to drop out every half-cycle (at voltage 0), 
and the resulting vibration could cause early relay fatigue failure. 


The voltage setting for time-delay electromechanical relays is typically adjustable by discrete 
taps over a specified range. Various tap ranges are available depending on the application. 
The operating time is adjustable by a time-dial setting. In the induction disk design, it is 
continuously adjustable. Several ranges of time delay are available. The operating time is 
specified at zero applied voltage when set on the maximum time-dial setting. 


Instantaneous relays have dropout settings that are adjustable over a specified voltage range 
depending on the application. The method of adjustment varies depending on the construc- 
tion of the relay. 


4.4.3.2.2 Static design 


Time-undervoltage relays of the static design provide similar inverse time-operating charac- 
teristics as the electromechanical design. Definite time characteristic timing is also available 
with static relay designs. When the applied voltage is above the pickup (in the de-energized 
position), a normally open contact is open and remains open as long as the voltage remains 
above the pickup setting. When the voltage falls below the pickup setting, the relay begins its 
timing operation. When the time delay has elapsed, based on the time-voltage operating char- 
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acteristic, the output contacts close. Similar to the electromechanical design, the operating 
time is inversely related to the applied voltage with several ranges of time delay available. 
The typical operating characteristics shown in Figure 4-7 also apply to the static design. 
These relays are also frequency compensated and are capable of withstanding high levels of 
seismic stress without malfunction. 


Voltage settings of static relays vary by manufacturer. They may be adjustable by discrete 
taps or continuously over a specified range. Various tap ranges may also be available for 
various applications. The operating time is adjustable by either a time-dial or definite time 
setting. The definite time setting is typically in units of cycles or seconds. 


4.4.4 Directional-power relay (Device 32) 
4.4.4.1 Application 


As the name implies, a directional-power relay functions when the real power component 
(watts) flow in a circuit exceeds a preset level in a specified direction. Typical uses for this 
relay function include 


a) Source power flow control. On systems having in-plant generation operating in paral- 
lel with the utility supply, a reverse-power relay sensing the incoming power from the 
utility can be set to detect (and alarm or trip) when the generator begins to supply 
power to the utility company. Plants designed to sell surplus power to the utility 
would not use a reverse-power relay for this purpose, unless it was blocked by an 
under-frequency relay. 


b) Antimotoring of generators. This relay is used to detect the motoring power into a 
generator that has not been disconnected from the system following a shutdown of its 
driver. See Chapter 11 for further information. 

c) Reverse power flow. A sensitive high-speed relay can be used to detect line-to-ground 
faults on the delta side of a transformer bank (see the examples in Figure 4-8 and 
Figure 4-9) by detecting the in-phase component of the transformer magnetizing 
current. This occurs when another relay in the system trips the transformer’s primary 
breaker and the transformer is energized through its secondary circuit. 


In applying this relay, the relay operation should be delayed to prevent undesired operations 
resulting from generator swings relative to the utility. The relay only need be fast enough to 
permit a successful reclosure from the remote end of the line. 


4.4.4.2 Operation principles 
Directional-power relays may be either electromechanical or static. 
4.4.4.2.1 Electromechanical design 


Electromechanical units are available in three types: 
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a) A single-phase induction cup power directional unit with or without an auxiliary tim- 
ing element 

b) A single-phase induction disk power directional element that provides an inherent 
time delay 

c) A polyphase directional unit consisting of three induction disk elements on a com- 
mon vertical shaft 


TRIP DIRECTION 
+—_— 


LINE-TO- 
GROUND-FAULT “UY 


UTILITY SYSTEM <——}|—- INDUSTRIAL SYSTEM 


Figure 4-8— Application of directional power relay used to detect 
line-to-ground faults (Example 1) 
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Figure 4-9— Application of directional power relay used to detect 
line-to-ground faults (Example 2) 


Maximum torque on the relay element occurs when the relay current is at a designated angle 
relative to relay voltage; the maximum torque angle depends on the relay design. The relay is 
connected to the VTs and CTs so the maximum relay torque occurs at unity power factor of 
the load in the designated tripping direction. Figure 4-10 shows the proper connection for a 
directional-power relay having a maximum torque angle of 90°. 


4.4.4.2.2 Static design 
Static directional-power relays are also designed in single- and three-phase versions. 


Although a static relay does not develop rotational torque, the operating characteristics typi- 
cally replicate that of the electromechanical design with the function of maximum relay 
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Figure 4-10—Directional power relay connection diagram 


torque occurring at unity power factor of the load in the designated tripping direction. Some 
designs have the capability of adjusting for different angles of maximum torque. 


4.4.5 Loss-of-excitation relay (Device 40) 
4.4.5.1 Application 


The loss-of-excitation relay is used to protect a synchronous motor or generator against 
damage due to loss of excitation. Loss of excitation or severely reduced excitation can cause 
generator heating, large voltage drops, and unstable operation. In severe cases, loss of 
synchronism can occur. Common protection used for smaller motors consist of two types: 


—  Aninstantaneous dc undercurrent relay that monitors field current 


— A relay that monitors the relative angle between voltage and current and thereby 
responds to power factor 


On large synchronous motors (normally above 2200kW) and most generators, an 
impedance-measuring or var-measuring relay operating from current and voltage at the 
machine stator terminals is used. The distance unit has either an impedance or mho character- 
istic. When excitation to the generator is lost, the apparent impedance seen by the relay traces 
a path into the relay’s tripping zone. See Figure 4-4a for the type of mho unit characteristic 
used for protection of a generator. Additional discussion is given in Chapter 12. 


The var relay provides an operating characteristic that is plotted in the complex power plane 
as shown in Figure 4-11. The characteristic is represented by a line that is shifted 8° from the 
horizontal axis. When converted to the impedance plane, this characteristic provides a mho 
characteristic that has its diameter shifted 8° from the X axis as shown in Figure 4-12. The 
relay is set in per-unit rated vars of the generator so that the characteristic falls above the 
steady state stability limit. 
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Figure 4-11—Var relay operating characteristic in the complex power plane 
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Figure 4-12—Var relay operating characteristic converted to 
the impedance plane 


4.4.5.2 Construction 


The undercurrent relay is a dc polarized relay or a highly sensitive D’Arsonval 
contact-making dc millivoltmeter. The power factor relay is static. The impedance-measuring 
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relay is an induction cylinder unit having directional characteristics. The var relay is also of 
static design. 


4.4.6 Phase balance current relay (Device 46) 
4.4.6.1 Application 


Phase balance relays provide motor or generator protection against unbalanced phase cur- 
rents. Unbalanced currents are caused by 


—  Anopen fuse or conductor in a motor branch circuit or in the primary of a delta-wye- 
connected transformer serving a group of motors, 


— Unbalanced load conditions, or 


— _ Single-phase switching in the distribution and transmission systems. 


Two types of phase balance relays are normally applied: current balance and negative- 
sequence overcurrent. The current balance relay operates when the difference in the 
magnitude of root-mean-square (rms) currents in two phases exceeds a given percentage 
value. The negative-sequence current relay operates on magnitude of negative-sequence 
current, but is set in terms of ee the thermal energy produced by this current. In order to set 
the negative-sequence relay, the ist characteristic (or K factor) of the machine should be 
specified. 


4.4.6.2 Operation principles for a current balance relay 
4.4.6.2.1 Electromechanical design 


The electromechanical relay consists of two or three induction disk elements, each having 
two current coils, as shown in View (a) and View (b) of Figure 4-13. These coils are con- 
nected to different phases so that a closing torque is produced on the disk that is proportional 
to the difference or unbalance between the currents in the two phases. The amount of unbal- 
ance current required to close the contacts may be a fixed percentage, typically 25%, or it 
may be a variable percentage, as shown by the operating characteristic in Figure 4-14. 


4.4.6.2.2 Static design 


The static relay is designed as an individual unit for motor or generator protection or may be 
a part of an ac motor protective device that has several protective functions within the same 
unit. The relay determines the difference between line currents and trips when the difference 
exceeds a preset percentage of full-load current or when the difference exceeds a preset 
ampere value (depending on the relay manufacturer). Tripping time is either inversely propor- 
tional to the phase unbalance current or definite time. 
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Figure 4-13— Current balance relay connection diagrams 
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Figure 4-14—Typical current balance relay operating characteristic 


4.4.6.3 Operation principles of a negative-sequence relay 
4.4.6.3.1 Electromechanical design 


The electromechanical relay consists of an induction disk overcurrent relay and a negative- 
sequence filter so that the relay responds only to negative-sequence currents. The relay 
characteristics are extremely inverse, which provide essentially a constant Li line. The 
typical operating characteristic is shown in Figure 4-15. 
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Figure 4-15—Typical n-s overcurrent relay operating characteristic 


4.4.6.3.2 Static design 


The static relay performs similarly to the electromechanical design. A typical connection dia- 
gram is shown in View (c) of Figure 4-13. This relay typically provides two set points, which 
allows an alarm signal at a sensitive, pretrip value of ia in addition to the trip setting. 
Figure 4-15 shows typical characteristics of this relay. 


4.4.7 Phase-sequence voltage relay (Device 47) 
4.4.7.1 Application 


The phase-sequence relays are used to protect ac machines from undervoltage and to prevent 
starting on open or reverse phase sequence. Phase-sequence relays may also provide over- 
voltage protection. Some phase-sequence relays do not give single-phase protection once the 
motor is running because the dynamic action of the motor supports the open phase voltage at 
or near its rated value. Often, a phase-sequence relay monitors the bus voltage and thus pro- 
tects a group of motors. 


4.4.7.2 Operation principles 


The electromechanical version is an induction disk polyphase voltage relay. All units nor- 
mally have an undervoltage pickup tap setting; some units are also available with time-dial 
and overvoltage tap settings. Operating time is inversely related to applied voltage. 
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4.4.8 Machine or transformer thermal relay (Device 49) 
4.4.8.1 Application 


Thermal relays are used to protect motors, generators, and transformers from damage due to 
excessive long-term overloads. 


4.4.8.2 Operation principles 
Three types of thermal relays are available: 


— Replica temperature relays, operating from CTs 

— Bridge relays, operating from resistance temperature detectors (RTDs) located in the 
protected equipment 

—  Acombination relay, operating from a current signal biased by an RTD signal 


Replica temperature relays usually consist of a coiled thermostatic metal spring mounted on a 
shaft and a heater element that monitors the output of a CT in a power circuit. The character- 
istics of the heater element and metal spring approximate the heating curve of the machine or 
transformer. These relays may or may not be ambient compensated. This type of thermal 
relay is normally applied to small (less than 1100 kW) motors where motor RTDs are not 
generally included in the protected motor. However, if the motor is important, a more com- 
plex protection scheme, discussed in Chapter 10, should be used. 


Bridge temperature relays operate on the Wheatstone bridge principle using an RTD as a sen- 
sor to precisely measure the temperature in a certain part of a motor or generator stator. This 
relay may be applied to larger, more important motors, generators, and transformers where 
monitoring the actual temperature in the windings is desirable. Static thermal relays, some 
using microprocessor technology, also generate the motor heating curves. In some cases, the 
heating curves are modified by inputs from winding RTDs; this provides precise protection 
for motors and combines the best features of both relay types. The relay is available either as 
an individual module or combined with other functions to provide complete motor protection 
in a multifunction module. See Chapter 10 on motor protection for more details. 


4.4.9 Time-overcurrent and instantaneous overcurrent relays 
(Device 50, Device 51, Device 50/51, and Device 51V) 


4.4.9.1 Application 


By far, the most commonly used protective relays are the time-overcurrent and instantaneous 
overcurrent relays. They are used as both primary and backup protective devices and are 
applied in every protective zone in the system. Specific application information can be found 
in Chapter 8 through Chapter 15, which describe the protection of major system components. 


The time-overcurrent relay is selected to give a desired time-delay tripping characteristic ver- 


sus applied current, whereas instantaneous overcurrent relays are selected to provide 
high-speed tripping. The instantaneous unit may be applied by itself or included in the same 
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enclosure as the time-overcurrent relay. For electromechanical relays, this is referred to as an 
instantaneous trip attachment. 

4.4.9.2 Time-delay overcurrent relay 

The most commonly used time-delay relays for system protection use the induction disk 
principle. Using the same principle as ac watthour meters, when applied to relay design, it 
provides many varieties of time-current characteristics. 


4.4.9.2.1 Electromechanical design 


The principal component parts of an electromechanical induction disk overcurrent relay are 
shown in Figure 4-16. 


INSTANTANEOUS UNIT 
CALIBRATION PLATE 


INSTANTANEOUS 
‘UNIT PICKUP 


CHASSIS CONTACT BLOCK 


Figure 4-16—Induction disk overcurrent relay with instantaneous 
attachment (relay removed from drawout case) 


The elements of an induction disk relay are shown in Figure 4-17. The disk is mounted on a 
rotating shaft, restrained by a spring. The moving contact is fastened to the shaft. The operat- 
ing torque on the disk is produced by an electromagnet having a main (or operating current) 
coil and a lag coil, which produce the out-of-phase magnetic flux. A damping magnet pro- 
vides restraint after the disk starts to move and contributes to the desired time characteristic. 
Two adjustments exist: the pickup current tap and the time dial. The pickup current is deter- 
mined by a series of discrete taps that are furnished in several current ranges. The time-dial 
setting determines the initial position of the moving contact when the coil current is less than 
the tap setting. Its setting controls the time necessary for the relay to close its contact. A relay 
constructed on these principles has an inverse time characteristic. As a result, the relay oper- 
ates slowly on small values of current above the tap setting. As the current increases, the time 
of operation decreases. When the primary current is above the knee of the CT saturation 
curve, the secondary current becomes less proportional to the primary current. The effect is 
further complicated when the relay magnetic circuit also saturates; thus, the time delay 
remains constant as a result. Different time-current curves can be obtained by modifications 
of electromagnetic design; some of these typical curves are shown in Figure 4-18. 
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Figure 4-17—Elementary induction disk relay 
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Figure 4-18— Comparison of typical curve shapes for overcurrent relays 


CHAPTER 4 


An auxiliary seal-in relay is incorporated into the relay case to lighten the current-carrying 
duty of the moving contact. It also operates the target indicator. 


An inherent characteristic with induction disk relay design is that of disk overtravel. As the 
disk rotates, it develops an inertia. As such, when the fault current is removed, the disk 
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continues to rotate for some distance. Referred to as overtravel, the continued travel distance 
is dependent on the torque and inertia developed during operation. Depending on the distance 
the disk has traveled and the magnitude of the disk inertia when the fault current is removed, 
it is possible the inertia will cause sufficient rotation to result in the contact closure. Thus, an 
unnecessary trip operation is produced. Typically, an additional 0.1 s is added to the time sep- 
aration between the electromechanical relay time-current curve and the adjacent upstream 
device time-current curve. The purpose of this additional separation is to avoid unnecessary 
tripping of the upstream device after the primary device has cleared the fault. 


4.4.9.2.2 Static design 


Time-current characteristic curves for static relays are obtained through the use of analog or 
digital circuits. Time-current characteristic curves and tap ranges are similar to the curves and 
ranges provided in induction disk relays. Static overcurrent relays have the same application 
as induction disk relays and are particularly useful where severe vibration specifications or 
seismic shock is imposed. In addition, static overcurrent relays can provide faster reset times 
and have no significant overtravel. 


4.4.9.3 Instantaneous overcurrent relay 


Instantaneous overcurrent relays are designed to operate without any intentional time delay. 
Typical operating times are in the range of 0.5 cycle to 2 cycles. In the electromechanical 
design, the reset of the unit integrates over a specific time and is dependent upon dynamics 
within the design of the relay. Static designs typically provide instantaneous reset 
capabilities. Newer static designs provide the user with a selection of either instantaneous or 
integrating reset. This design gives the user the flexibility to utilize this relay in various 
applications. 


4.4.9.3.1 Electromechanical design 


Two types of electromechanical instantaneous relays exist and use the principle of electro- 
magnetic attraction: solenoid (or plunger) and clapper (or hinged-armature) (see Figure 4-19 
and Figure 4-20, respectively). The basic elements of the solenoid relay are a solenoid and a 
movable plunger of soft iron. The pickup current is determined by the position of the plunger 
in the solenoid. A calibration screw may be provided to adjust the position of the plunger. 
These relays are of single-phase design with up to three relays mounted in a common 
enclosure. 


In a clapper relay, a hinged armature that is held open by a restraining spring is attracted to 
the pole face of an electromagnet. The magnetic pull of the electromagnet is proportional to 
the coil current. The pickup current is the coil current required to overcome the tension of the 
spring, and it may be calibrated over a specified range. In some applications, the pickup 
current can be varied by adjusting the position of a slug in the pole. The clapper relay is 
normally the one found in an induction relay case when a “50/51” (.e., time-overcurrent with 
instantaneous) function is specified. For some electromechanical relays, separate Device 50 
relays may be required when low pickup settings (e.g., 0.5 A) are desired because these low 
pickup settings may not be available in a combination Device 50/51 relay. 
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Figure 4-19— Solenoid (or plunger) instantaneous relay 
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Figure 4-20— Clapper (or hinged-armature) instantaneous relay 


4.4.9.3.2 Static design 


In static designs, instantaneous overcurrent functions are normally combined with the time- 
overcurrent units and provided with all three phases in one enclosure. This configuration 
provides space savings and is generally more cost efficient. Individual instantaneous units are 
available where applications do not warrant the additional functions of time-overcurrent. 


4.4.9.4 Overcurrent relay types and their characteristic curves 


Time-overcurrent relays are available with many different current ranges and tap settings. 
The range of tap settings that are typically available are shown in Table 4-3. 


The relays can be specified to have either single or double circuit closing contacts. 
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Table 4-3—Typical tap ranges and settings of time-overcurrent relays 


Tap range Tap settings 


0.5-2.5 (or 0.5-2) 0.5,0.6,0.8, 1.0, 1.2, 1.5,2.0,2.5 


0.5-4 0.5, 0.6, 0.7, 0.8, 1.0, 1.2, 


1.5, 2.0, 2.5,3.0,4.0 


1.5-6 (or 2-6) 1.5,2,2.5,3,3.5,4,5,6 


4-16 (or 4-12) 4,5,6,7,8, 10, 12, 16 


1-12 1.0, 1.2, 1.5,2.0, 2.5, 3.0, 


3.5,4,5,6,7,8, 10, 12 


Figure 4-18 compares the basic shapes of five typical relay curves at the No.5 time dial. 
Manufacturer’s published time-current curves show the relay operating times for a full range 
of time-dial settings and multiples of tap current applied to the relay. 


4.4.9.5 Special types of overcurrent relays 


By adding different elements to the basic overcurrent relay, special types of overcurrent 
relays are derived, in particular, the voltage-dependent overcurrent relay. 


Voltage-dependent overcurrent relays are used in generator circuits for backup during exter- 
nal faults. When an external fault occurs, the system voltage collapses to a relatively low 
value; but when an overload occurs, the voltage drop is relatively small. These relays utilize 
the voltage to modify the time-current characteristics so that the relay rides out permissible 
power swings, but gives fast response when tripping due to faults. This overcurrent relay has 
two variations: voltage-controlled and voltage-restrained. Electromechanical and static relays 
use the same principles in the design of voltage-dependent overcurrent relays. The main dif- 
ference is in the methods used to accomplish this task. 


4.4.9.5.1 Electromechanical design 


In the voltage-controlled overcurrent relay, an auxiliary undervoltage element controls the 
operation of the induction disk element. When the applied voltage drops below a predeter- 
mined level, an undervoltage contact is closed in a shaded pole circuit, permitting the relay to 
develop torque and operate as a conventional overcurrent relay. Thus, the undervoltage unit 
supervises the operating coil and permits it to operate only when the voltage is below a preset 
value. 


The voltage-restrained relay has a voltage element that provides restraining torque propor- 
tional to voltage and thus actually shifts the relay pickup current. Hence, the relay becomes 
more sensitive the larger the voltage drop (during faults), but is relatively insensitive at nomi- 
nal voltage. The relay is set so it rides through permissible power swings at nominal voltage. 
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See Chapter 12 for additional discussion on the application of this relay for generator 
protection. 


4.4.9.5.2 Static design 


The characteristics of the static voltage-dependent relays are similar to the characteristics 
described in 4.4.9.5.1 for electromechanical devices. These functions are accomplished 
through either analog or digital circuits. Voltage-controlled relays inhibit the overcurrent 
function from producing an output based on the voltage magnitude. If the voltage drops 
below the setpoint of the relay, the overcurrent function operates as normal. If the current 
increases above the setpoint without a decrease in voltage below its setpoint, the relay does 
not operate. This voltage supervision prevents nuisance tripping for any power swings that 
may cause the current to rise momentarily above the relay’s overcurrent setpoint. 


The voltage-restrained relay similarly reduces the overcurrent pickup setting proportional to 
the voltage drop. If the voltage drops to 50% of nominal, the overcurrent pickup point also 
decreases to 50% of its original value. 


4.4.10 Overvoltage relay (Device 59) 
4.4.10.1 Application 


Overvoltage relays are typically used to monitor voltage levels on buses or generators to ini- 
tiate switching or tripping operations. Other applications for this relay are as follows: 


a) Simple overvoltage bus protection. The relay may either alarm or trip voltage- 
sensitive loads or circuits in order to protect them against sustained overvoltage 
conditions. 


b) Ground-fault detection. Two methods are currently used to detect ground faults: 


1) One method measures the zero-sequence voltage across the corner of a broken 
delta secondary of three VTs that are connected grounded wye-broken delta. A 
low-pickup relay is used because normally no voltage exists across the relay. 
During a ground fault on a high-resistance grounded-neutral or ungrounded sys- 
tem, the applied voltage causes the relay to operate in a predetermined period. A 
resistor may be required across the relay to prevent damage to the VT due to fer- 
roresonance. 


2) The second method measures the actual voltage across a high ohmic value resis- 
tance that is connected between the system neutral and ground. The voltage 
appearing across the relay (and the resistor) during a ground fault may be sev- 
eral times the pickup voltage so that the relay can be set to operate in a specific 
time. The maximum continuous operating voltage limit of the relay should not 
be exceeded. In medium-voltage systems, a stepdown transformer is used with 
windings rated 120 V or 240 V. Using a 240 V secondary of a 4160 V/240 V 
transformer produces a maximum of 139 V on the secondary during a ground 
fault. Often, a 150 V meter is used with this relay. 
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4.4.10.2 Operation principles 


An overvoltage relay is designed to operate on voltage magnitude. When the voltage rises 
above the pickup setting of the relay, output contacts close to provide a trip signal. Overvolt- 
age relays may be either electromechanical or static. 


The pickup (or tap) voltage is adjustable by discrete taps over a specified range. Various tap 
ranges are available depending on the relay design. In addition, some static relays provide 
continuous adjustment of the voltage pickup across the specified tap range. 


4.4.10.2.1 Electromechanical design 


Time-overvoltage relays of the electromechanical design generally use the induction disk 
principle. When the applied voltage is above the pickup voltage, the normally open contacts 
begin to close at a rate dependent on the percentage of voltage above the pickup value. This 
action results in a typical inverse operating characteristic. Frequency-compensated models 
are available that maintain constant operating characteristics over a specified range of fre- 
quency variation. 


The low-pickup relays used in ground-fault applications have filters in the coil circuits tuned 
to filter out third harmonic voltages when applied to generator neutrals. This makes them less 
sensitive to third harmonic voltages that may be present under normal conditions. 


Instantaneous overvoltage relays are typically plunger relays where the armature is adjustable 
on the plunger rod to vary the pickup over the adjustment range. The operating time is 
approximately 1 cycle for voltage greater than 1.5 times the pickup setting. This type of relay 
may be used either as an overvoltage or an undervoltage relay simply by calibrating the relay 
at the desired pickup or dropout voltage, although operation in the undervoltage mode is not 
normally recommended. Many of these relays have a dropout-to-pickup ratio of 90% to 98%. 
Care should be taken in applying these plunger relays because of the possibility of contact 
chatter when the pickup setting is near the normal voltage. Relays experience increased wear 
under those conditions. 


4.4.10.2.2 Static design 


Time-overvoltage relays of the static design provide similar inverse operating characteristics 
to the electromechanical design. These relays are frequency compensated and are capable of 
withstanding high levels of seismic stress without malfunction. The capability to filter third 
harmonic current is also available in the static design relays. 


4.4.11 Voltage balance relay (Device 60) 


A voltage balance relay may be used to block relays or other devices that operate incorrectly 
when a VT fuse blows. Two sets of VTs are required that are normally connected to the same 
primary source during the time when blown fuse protection is required. The relay is 
connected as shown in Figure 4-21. Normally, open contacts are used to ring an alarm, and 
normally closed contacts are used to open trip circuits of relays subject to misoperation, such 
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as voltage-restrained relays, synchronizing relays, impedance relays, negative-sequence 
relays, and in general any relay that operates from both current and voltage inputs. Typical 
examples include to prevent incorrect operation of the loss-of-excitation relay (Device 40) or 
the backup overcurrent relay (Device 51V) in a generator circuit because of loss of voltage on 
a VT. Another application may be to inhibit the operation of a voltage regulator on a 
generator. The operating time is adjusted at the factory (e.g., 200 ms is typical), and it is 
sufficiently fast to disable these relays before they have a chance to trip the circuit breaker. 
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Figure 4-21—Typical application of voltage balance relay 


A voltage balance relay may also be used to detect a small voltage unbalance in a three-phase 
system. The principal application of this relay is to protect three-phase motors from the 
damage that may be caused by single-phase operation. The relay can detect single-phase 
conditions for light loads as well as heavy loads by detecting the negative-sequence 
component of voltage. Typically, an external timer relay is also required. 


4.4.12 Directional overcurrent relay (Device 67) 
4.4.12.1 Application 


Directional overcurrent relays are used to provide sensitive tripping for fault currents in one 
(tripping) direction and not trip for load or fault currents in the reverse (normal) direction. 
Typical applications of this relay include 


a) Protection of a network of distribution lines (not radial feeders) where tripping in a 
given direction to provide selective operation is required. In View (a) of Figure 4-22, 
the tripping direction is for faults within the line section that are above the pickup 
setting of the relay. For faults on other lines from the bus at Substation A, the operat- 
ing current in the relay at Substation A reverses, and the relay does not operate. Both 
phase and ground relays are normally used. 

b) Detection of uncleared faults on the utility line where fault current can be back-fed 
through the industrial system from in-plant generation or a second utility line, as 
illustrated in View (b) of Figure 4-22. The fault current magnitude fed from in-plant 
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generators and motors to the utility line normally is smaller than when it is fed from 
the utility line to the plant; therefore, a sensitive relay setting is required to respond to 
faults on the utility system. 


Sensitive high-speed ground-fault protection of transformers and generators, as 
shown in View (c) and View (d) of Figure 4-22. The directional control gives the 
relay the characteristics of the differential protective scheme described in 4.4.15 and 
makes it particularly useful. Product directional relays may be used for this 
application. 


Applications required by Article 450 of the National Electrical Code® (NEC®) 
(NFPA 70-1999) [B66l’, where transformers are applied in parallel with a closed sec- 
ondary bus tie circuit breaker. 


Other applications where the desired objectives can be achieved by distinguishing 
between the direction of current flow. 
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(a) Line protection using directional phase relays 

(b) Protection of industrial plant bus from uncleared utility line faults 

(c) Directional ground-fault protection of transformer using product relays 
(d) Directional ground-fault protection of generator using product relays 


Figure 4-22—Typical applications for directional current relays 


The numbers in brackets correspond to the numbers of the bibliography in 4.6. 
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In all applications, a reference or polarizing input is required to provide the directional con- 
trol. The polarizing input may be a current or voltage, or both. Current polarizing input is 
obtained from a CT in the neutral-grounding conductor of a generator or transformer, as 
shown in View (c) and View (d) of Figure 4-22. An auxiliary CT may be required to match 
the CT ratio of the operating current when the relay is connected for differential protection. 
The auxiliary CT is used to provide sufficient operating current during faults within the 
protection zone and sufficient restraint for faults outside the protection zone. Potential polar- 
izing input for phase relays is obtained from VTs, either two units connected line to line in 
open delta or three units connected line to ground in wye-wye, as shown in View (a) of 
Figure 4-22. The zero-sequence potential required for polarizing ground relays is obtained 
using three VTs connected wye-delta, with the potential coil connected in series with the 
secondary windings. This configuration is referred to as the broken delta or corner-of-the- 
delta connection. Three auxiliary VTs may be used, connected as shown in View (b) of 
Figure 4-22, or fully rated VTs may be used. 


4.4.12.2 Operation principles 


Directional overcurrent relays consist of an overcurrent function and a directional function. 
Operation of the overcurrent function is controlled by the directional function, which deter- 
mines its direction of operation from a polarizing input. The polarizing input can be current 
or voltage, or both. The directional overcurrent relay shown in Figure 4-23 comprises an elec- 
tromechanical induction disk element and an instantaneous directional power element. When 
the current is flowing in the tripping direction, the directional function enables the overcur- 
rent function to operate when the current exceeds its tap setting. If the fault current is flowing 
in the reverse direction, the directional function inhibits the overcurrent function and prevents 
operation. 


4.4.12.2.1 Electromechanical design 


The electromagnetic relay consists of a conventional induction disk time-overcurrent element 
and an instantaneous power directional element arranged as shown in Figure 4-23. The vari- 
ous time-delay characteristics may be selected as described in 4.4.9.4. 


The directional element has an operating current coil and a polarizing coil. The latter is ener- 
gized by either voltage or current in order to determine the direction of current flow. Some 
units are dual polarized, having both a voltage and current coil. Maximum positive torque is 
produced (in tripping direction) when the angle between the operating coil current and the 
polarizing coil quantity is equal to the maximum torque angles of the relay. This characteris- 
tic of the directional element is shown in Figure 4-24. 


For example, maximum torque may be produced when the operating current leads the voltage 
by 45°. In a current-polarized relay, maximum torque may occur when the two currents are 
in-phase (i.e., zero-phase angle). The angles of maximum torque vary; therefore, manufactur- 
ers’ data should be obtained. The relay is then connected to the CT and VT circuits so that 
during the fault conditions being protected, the relay produces maximum torque for tripping. 
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Figure 4-23 —Directionally controlled overcurrent relay 
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Figure 4-24— Characteristics of a directional element 
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A directional instantaneous overcurrent element is optionally available for mounting within 
the enclosure. Its operation is supervised by the same directional element used for the time- 
overcurrent element. 


4.4.12.2.2 Static design 


The static relay functions similarly to its electromechanical counterpart using analog or 
digital circuit designs similar to the design shown in Figure 4-25. The relay has a current 
input for the overcurrent and current-polarizing circuit and a voltage input for the voltage- 
polarizing circuit. The input quantities are generally supplied to a comparator or 
microprocessor, which determines whether the measured values are above the pickup settings 
and in the tripping direction. If both conditions are satisfied for the preset time delay, then a 
signal is sent to the output to provide contact closure. 
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Figure 4-25 —Block diagram of a static directional overcurrent relay 


The directional operating characteristic for the static relay is also adjustable over a range to 
allow matching to the line and system conditions. Because no torque is developed to turn a 
disk, the characteristic setting is referred to as the angle of sensitivity. Similarly, maximum 
sensitivity is produced (in tripping direction) when the angle between the current and the 
polarizing quantity is equal to the maximum angle setting of the relay. 


The directional characteristic of a static relay is also depicted by a line (180° angle) through 
the origin of an R-X diagram that is perpendicular to the angle of maximum sensitivity. Some 
static relays have the capability to reduce the angle of the characteristic line (or region of 
operation) to something less than 180°, as shown in Figure 4-26. This capability helps prevent 
false tripping for certain power system conditions, such as mutual coupling on adjacent lines. 
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a static direction overcurrent relay 


Static relays also typically have an option available for an instantaneous overcurrent function 
controlled by the directional function. 


The time-delay characteristics are similar to the electromechanical as described in 4.4.9.4 
4.4.12.3 Instantaneous directional overcurrent relay 


An electromagnetic relay has an instantaneous induction cup element that is controlled by an 
instantaneous power directional element, as described in 4.4.12.2. The operating current is 
adjustable over a selected range, and the directional characteristics should be identified and 
applied in the same manner as described in 4.4.12.2. 


4.4.12.4 Product directional ground relay 


The product directional ground relay operates on the product of the current in the operating 
coil and the voltage or current in the polarizing coil. It provides sensitive protection in the 
desired direction of current flow. The operating element of an electromagnetic relay may be 
either an induction disk element having an adjustable time delay for selectivity or an induc- 
tion cup element for high-speed operation. The directional characteristics of the relay should 
be determined in order to assure correct application. The application of product relays in 
directional applications on a network system is generally complex; this kind of relay is 
normally reserved for use in ground-fault protection of wye-connected generator and trans- 
former windings. 
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4.4.13 Frequency relays (Device 81) 
4.4.13.1 Application 


A frequency relay is a device that operates at a predetermined value of frequency: either 
under or over normal system frequency or rate of change of frequency. When it is used to 
operate on a predetermined value below nominal frequency, it is generally called an 
underfrequency relay. When it operates on a predetermined value above nominal, it is called 
an overfrequency relay. Both functions are often included in the same case, but are utilized 
for different purposes. 


Underfrequency relays should be applied when the loads are supplied either by local genera- 
tors exclusively or by a combination of local generation and utility tie (see Figure 4-27a, 
Figure 4-27b, and Figure 4-27c). When a major generator drops off line unexpectedly in a 
system supplied only by local generation (see Figure 4-27a), the underfrequency relays auto- 
matically open plant load circuit breakers so the load matches, or is less than, the remaining 
generation. Otherwise, moderate to severe overloads on the remaining generators could 
plunge the plant into a blackout before the operator can react. This application also applies 
when the utility disconnects a plant system that has local generation (see Figure 4-27b). 
When the utility does not disconnect the plant during an underfrequency condition, the 
plant’s generators begin to supply the utility system loads, causing overloading of the local 
generators. To prevent this event from happening, an underfrequency relay may be used to 
supervise an extremely sensitive directional power relay (see Figure 4-27c). The underfre- 
quency and reverse-power relay trip contacts are connected in series in the trip circuit of the 
incoming circuit breaker so that both relays would have to operate together in order to trip the 
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Figure 4-27a—Load-shedding scheme for system with only local generation 


104 Copyright © 2001 IEEE. All rights reserved. 


IEEE 


SELECTION AND APPLICATION OF PROTECTIVE RELAYS Std 242-2001 
TO UTILITY SYSTEM LOCAL 
A GENERATOR 
O) 
aaaal 
L] 
INCOMING 
BREAKER INDUSTRIAL DISTRIBUTION SYSTEM 
I 6 e e e ° 
PT oA 1 2 3 
(21) _ 27 i? v v Vv 
SELECTIVE PLANT LOADS 
LOAD 
TRIPPING 


Figure 4-27b—Load-shedding scheme for loss of an external system 
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Figure 4-27c—Tripping incoming breaker for power outflow to external loads 


When an overload exists (i.e., the load exceeds the available generation), the generators begin 
to slow down and the frequency drops. The underfrequency relay operates at a specific (ie., 
preset) frequency below nominal to trip off a predetermined amount of load so the most criti- 
cal load remains running with the available generation. More than one underfrequency relay 
may be used to permit a number of steps of load shedding, depending on the severity of the 
overload. For instance, X% of the load may be removed at 59.5 Hz, Y% of the load removed 
at 59 Hz, and Z% of the load removed at 58.5 Hz, for a three-step load-shedding scheme. The 
number of load-shedding steps, the amount of load shed at each step, and the frequency set- 
tings for each step should be determined by a system study. Also, assigning a priority to each 
load is necessary so that the loads are removed on a priority basis, with the lowest priority 
loads being removed first. 


Overfrequency relays are often applied to generators. These relays protect against overspeed 
during startup or when the unit is suddenly separated from the system with little or no load. 
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Relay contacts either sound an alarm or remove fuel input to the prime mover. In other words, 
for gas or diesel engines or turbines, the fuel line supply would be closed; for steam turbines 
or steam engines, the steam supply valves would be closed; and for hydro turbines, the wicket 
gates would be closed and the water supply would then be closed off. 


4.4.13.2 Operation principles 
4.4.13.2.1 Electromechanical design 


Two types of electromechanical frequency relays are available: induction disk and induction 
cup (or cylinder). 


The induction disk relay is subjected to two ac fluxes whose phase relationship changes with 
frequency to produce contact-opening torque above the frequency setting and closing torque 
below it. A time dial is used to adjust the initial contact separation that determines the operat- 
ing time for a given applied frequency. The greater the rate at which the frequency drops, the 
faster the relay operates for a given time-dial setting. The induction disk underfrequency 
relay is accurate to within 0.1 Hz to 0.2 Hz and is designed for applications where high trip- 
ping speed is not essential. 


The induction cup underfrequency relay is more accurate and faster than the induction disk 
model. The operating principle is the same as the induction disk relay. Two ac fluxes, whose 
phase relationship changes with frequency, produce contact-closing torque in the cup unit 
when the frequency drops below the setting. The contacts have a fixed initial separation; the 
greater the rate of frequency decline, the faster the contacts close. The contacts may close in 
as little as 5 cycles to 6 cycles after application of the underfrequency potential. Because 
phase shifts in the ac potential supply due to faults or fault clearing may cause incorrect oper- 
ation, at least 6 cycles of intentional delay should be added before tripping. 


The frequency accuracy of this relay is about +0.1 Hz. Induction disk and induction cup 
underfrequency relays usually may be adjusted at 90% to 100% of rated frequency; overfre- 
quency relays, from 100% to 110%. 


Electromechanical frequency relays are typically available with only one set point per relay. 
In applications where multiple setpoints are required, additional relays would be necessary 
for each set point. 


4.4.13.2.2 Static design 


Some static or microprocessor relays operate on a specific frequency with definite or inverse 
characteristic operating times. Another static relay design operates on the rate of change of 
frequency. Static relays typically measure once each cycle at a zero crossing on the input 
voltage waveform. The relay calculates the frequency based on the time between measure- 
ment points each cycle. If the frequency is outside the set range of operation for the set time 
delay, the output contacts close and provide a trip signal. 
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Static frequency relays can also inhibit operation when the voltage falls below a preset value. 
This action reduces the probability of operation under fault conditions when the voltage, and 
possibly the frequency, may drop. 


In addition, static frequency relays are available with multiple set points (up to four set 
points) in one relay, each selectable to operate for underfrequency or overfrequency 
conditions. 


4.4.14 Lockout relay (Device 86) 


Although a lockout relay is not a protective relay, it is included in this chapter because it is 
used widely in conjunction with relaying schemes. This relay is a high-speed, multicontact, 
manually or electrically reset auxiliary relay for multiplying contacts, increasing contact rat- 
ing, isolating circuits, and tripping and locking out circuit breakers. The relay is operated by 
differential relays, such as a transformer or bus differential, and other protective relays. The 
lockout relay in turn trips all the source and feeder circuit breakers as required to isolate the 
fault. The relay must be reset before any of the circuit breakers can be reenergized. The man- 
ual reset prevents reclosing the breakers before the fault is repaired. 


In general, the contacts can carry and interrupt higher values of control power current than 
the protective relay can. In addition to tripping functions with the normally open (NO) 
contacts, the relay normally closed (NC) contacts are opened when tripped, and these NC 
contacts prevent any automatic reclosure until Device 86 has been manually reset. 


4.4.15 Differential and pilot wire relays (Device 87) 
4.4.15.1 Application of differential relays 


A differential relay operates by summing the current flowing into and out of a protected cir- 
cuit zone. Normally, the current flowing into a circuit zone equals the current flowing out, and 
no differential current flows in the relay. If a fault occurs in the circuit zone, part of the cur- 
rent flowing in is diverted into the fault; and the current flowing out of the circuit element is 
less than the current flowing in. As a result, a differential current flows in the relay. If this dif- 
ferential current is above a preset value, the relay operates. Differential protection may be 
applied to any section of a circuit and is used extensively to detect and initiate the isolation of 
internal faults in large motors, generators, lines or cables, transformers, and buses. It detects 
these faults immediately and is designed to be insensitive to overloads or faults outside the 
differentially protected section. 


Differential relays generally do not detect turn-to-turn coil failures on motors, generators, or 
transformers. 


Differential relays provide high-speed, sensitive, and inherently selective protection. The 
types of relays are 


a) Overcurrent differential 
b) Percentage differential 
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1) Fixed percentage (restraint) differential 
2) Variable percentage (restraint) differential 
3) Harmonic-restraint percentage differential 
c) High-impedance differential relay 
d) Pilot wire differential 


The correct selection and application of CTs used in differential protection schemes are 
critical to the proper operation of these schemes. The proper matching of relay and CT 
characteristics is a prime design requirement (see Chapter 3). 


4.4.15.2 Overcurrent differential relays (Device 87) 


An overcurrent differential relay operates on a fixed current differential and can be easily 
affected by CT errors. It is the least expensive form of differential relaying, but it has the least 
sensitive settings compared to other forms, especially for detecting low-level ground faults. 


Figure 4-28a shows differential protection applied on one phase. (Three relays—one per 
phase —are required.) Both ends of the protection zone should be available for the installation 
of the CTs. Under normal conditions, the current flowing in each CT secondary winding is 
the same, and the differential current flowing through the relay operating winding is zero. For 
an internal fault in the zone, the CT currents are no longer the same, and the differential cur- 
rent flows through the relay operating circuit. When the current through the relay’s operating 
circuit exceeds its pickup setting, the relay provides an output to trip the circuit breakers. 
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Figure 4-28a— Overcurrent relay used for differential protection, 
one phase shown 


Under normal operating conditions, circumstances may produce a differential current to flow 
through the operating winding of the relay. One example of this situation is CT performance. 


CTs do not always perform exactly in accordance with their ratios. This difference is caused 
by minor variations in manufacture, differences in secondary loadings, and differences in 
magnetic history. Where a prolonged dc component exists in the primary fault current, such 
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as invariably occurs close to generators, the CTs do not saturate equally, and a substantial 
relay operating current can be expected to flow. Hence, if overcurrent differential relays are 
used, they have to be set so that they do not operate on the maximum error current, which can 
flow in the relay during an external fault. Because of the sensitiveness of this circuit, the over- 
current relay pickup should be set high enough to allow for these minor variations. However, 
while increasing its security, the higher pickup settings reduce the sensitivity of this circuit. 


To address this problem without sacrificing sensitivity, the percentage differential relay is 
usually used. A high-speed, economical overcurrent differential relay can be applied to motor 
protection for phase-to-phase and phase-to-ground faults. Figure 4-28b shows how one toroi- 
dal CT per phase measures the phase current and produces a differential current to the relay 
for a fault. Fault currents as low as 2 A may be detected, and this application should follow 
the manufacturer’s recommendations concerning the CTs and the relay. 
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Figure 4-28b— Differential protection of a motor using donut CTs and 
overcurrent relays 


4.4.15.3 Percentage differential relays (Device 87T, Device 87B, Device 87M, 
and Device 87G) 


4.4.15.3.1 Application 


Percentage differential relays are generally used in transformer, bus, motor, or generator 
applications. The advantage of this relay is its insensitivity to high currents flowing into faults 
outside its protection zone when CT errors are more likely to produce erroneous differential 
currents. However, the relay is highly sensitive to faults within its zone of protection. 


The three types of percentage differential relays are fixed percentage, variable percentage, 
and harmonic-restraint percentage. The fixed percentage and variable percentage relays are 
used for all the applications mentioned in the previous paragraph, but the harmonic-restraint 
percentage differential relay is used primarily for transformer applications. 
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The variable percentage differential relay is more sensitive and can detect low-level faults 
within its protection zone and is less likely to have nuisance tripping for severe faults outside 
its protection zone than the fixed percentage relay. Generator protection relays are usually 
variable percentage. Less sensitive variable percentage differential relays should be selected 
for transformer protection compared with the fixed percentage differential relays used for 
bus, motor, or generator applications. This distinction is made to prevent nuisance tripping 
due to magnetizing inrush current that flows through only the power transformer’s primary 
circuit CTs during energization. For transformers, the standard sensitivities of these relays 
approach current values that may be as high as 50% of the transformer’s full load current. 


The harmonic-restraint percentage differential relay has the feature of offering more restraint 
to tripping when transformer inrush currents are present compared to the standard percentage 
differential relay. Hence, the relay can achieve fault current sensitivities (or slope settings) of 
between 15% and 60% of the transformer’s rated current. Because the inrush currents are rich 
in harmonics, with second harmonic predominant, a combination of the second and higher 
order harmonic currents is used to restrain the relay on inrush. 


Because of the different voltage levels and CT ratios, matching the secondary currents from 
the transformer into the relay becomes necessary when applying percentage differential pro- 
tection to power transformers. The relay accomplishes this task by providing a range of taps 
that scale the current into each input to the desired magnitude for internal comparison. The 
current from the input circuits should be matched typically to within 5%. This normally can 
be accomplished by selecting the appropriate combination of relay taps. However, in cases 
where the range of tap settings is too limited, tapped auxiliary CTs are required. Figure 4-29 
shows a connection diagram for a fixed percentage differential relay applied to protect a 
transformer. 


Electromechanical percentage differential relays used for bus protection applications typi- 
cally do not have taps. Therefore, all CT's should have the same ratio and characteristics. 
Static relays, however, are available with taps for use with CTs that have different ratios. 


4.4.15.3.2 Operating principles 
4.4.15.3.2.1 Electromechanical design 


The electromechanical differential relay uses the induction principle. It is connected as 
shown in Figure 4-30. Under normal conditions, current circulates through the CTs and relay- 
restraining coils R, and Ry; no current flows through the operating coil O. The current in the 
relay-restraining coils produces a restraining or contact-opening torque. An internal fault in 
the protected machine unbalances the secondary currents and forces a differential current Jp 
through the relay-operating coil. 


For a fixed percentage differential relay, the amount of differential or operating current 
required to overcome the restraining torque and close the relay is a fixed (or constant) 
percentage of the restraining current. The operating characteristic for this relay is shown in 
Figure 4-31a. As an example, for a setting of 10% on a fixed percentage differential relay, the 
relay would trip if the operating current were greater than or equal to 10% of the restraint 
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Figure 4-29—Basic relay connections (one phase) for fixed percentage 
restraint differential relay 
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Figure 4-30— Basic relay connections (one phase) for fixed percentage 
restraint differential relay 


current. In a variable percentage relay, the operating current required to operate the relay is a 
variable percentage of the restraining current, having a higher percentage at high fault-current 
levels. The operating characteristic for this relay is shown in Figure 4-31b. 
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Figure 4-31a—Typical operating characteristic of a fixed percentage 
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Figure 4-31b—Typical operating characteristic of a variable percentage 


restraint differential relay 


The number of restraint elements in the relay is a function of application for which the relay 
is designed. A generator or motor differential relay contains two restraint elements, where a 
relay intended for bus or transformer protection may have multiple restraint elements. All 
relays are single-phase units and thus require three relays for a complete installation. 


4.4.15.3.2.2 Static design 


The static percentage differential relay consists of various functions, as shown in the block 
diagram of Figure 4-32. Because of the flexibility of the static technology, these functions can 
be configured for a single-phase unit or connected together to provide a three-phase relay. 
The relay generally consists of restraint, operating, sensing, trip, and indicating functions. If 
the relay is a microprocessor-based design, the restraint and operating functions are accom- 
plished with the microprocessor. 
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Figure 4-32—Functional block diagram for a static percentage differential 
relay 


The input current is normally scaled to the appropriate magnitude based on the tap setting of 
each input circuit. Depending on relay design, these scaled quantities are then input to a 
phase-shifting circuit or directly into the restraining functions. The restraint function senses 
the phase current and selects its reference value. The restraint reference level, typically a 
function of the input current, may vary between different manufacturers. The operating 
current for each phase is then compared to the percentage slope setting and the restraint 
reference levels. If the magnitude of current in the operating circuit is in excess of the set 
percentage restraint, the relay closes its contact to trip the circuit breakers. 


4.4.15.3.3 Harmonic-restraint percentage differential relays (Device 87T) 


The connection diagram for delta-wye transformer protection using a harmonic-restraint 
percentage differential relay is shown in Figure 4-33. Harmonic-restraint relays use the 
harmonic content of transformer energization current to inhibit differential operation. When a 
transformer is energized, the current on one side increases, producing a difference current 
that would cause the differential relay to operate. This energization current contains a 
significant magnitude of certain harmonic currents. The relay measures the magnitude of 
various harmonic currents and, when above a preset percentage of fundamental, inhibits 
operation. Protection for faults during transformer energization is provided by an 
unrestrained overcurrent function. 
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Figure 4-33—Harmonic-restraint percentage differential relay connection 
diagram for a delta-wye connected transformer 


The electromechanical relay consists of transformer and rectifier units connected in restraint 
and operating configurations. The output of these units is applied to the differential unit and 
causes it to close its trip contact when the operating current exceeds the restraint current by 
an amount greater than the relay characteristic. 


The harmonic-restraint element is constructed similarly, except that filters block the funda- 
mental frequency current to the restraint unit while directing harmonic current to the restraint 
unit. The operating unit of this element receives only fundamental frequency current, while 
harmonics are blocked, causing the relay to be insensitive to the harmonic current that flows 
during transformer energization. An instantaneous trip unit is included in the operating circuit 
to provide fast operating times on very high internal fault currents. These relays have current 
taps that are used to correct for mismatch between the currents from the CTs in the power 
transformer’s primary and secondary circuits. Relay sensitivity can be adjusted by selecting 
an appropriate slope tap unless the relay has a variable percentage characteristic. Tap chang- 
ers should be considered in the selection of the slope. A tap changer range of +5% would add 
10% to the slope of whatever else is considered. 


The overall relay operating time is between | cycle and 2 cycles. 


Static relays similarly filter the input currents to the relay for various harmonic currents. The 
output is then compared to the reference setting and, if in excess, provides a signal to inhibit 
relay operation during transformer energization. This situation is shown in Figure 4-32. 
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4.4.15.4 High-impedance differential relays (Device 87B) 


The high-impedance differential relay, used primarily for bus protection, avoids the problem 
of unequal CT performance by loading transformers with a high-impedance relay unit. For 
faults outside the protected zone (i.e., external faults), there is a high degree of error in the 
CTs in the faulted circuit. A higher-than-normal voltage is developed across the relay (typi- 
cally having an impedance of 1700 Q to 2600 Q), and hence a higher voltage is impressed 
across the CT, which increases the CT excitation current. As a result, CT error currents are 
forced through the equivalent magnetizing impedance of the CTs rather than through the high 
impedance of the relay. However, for faults within the protected zone, the CT error currents 
are small, the CT magnetizing impedances appear to be almost infinite, and the current flows 
through the relay coil. 


The connection diagram for the high-impedance differential relay, designed to operate on bus 
circuits, is shown in Figure 4-34. The electromechanical relay consists of an overvoltage unit 
and an instantaneous overcurrent unit (either plunger or clapper). The overvoltage unit is con- 
nected across the paralleled secondaries of the CTs. The magnitude of voltage across the 
relay is a function of the fault location (i.e., internal or external to the protected zone), the 
resistance of the CT secondary leads and CT, the CT performance, the CT ratio, and the mag- 
nitude of fault current. The overvoltage unit operates when the voltage exceeds the pickup 
setting. When a fault occurs in the relay’s protection zone, the CT current is directed to the 
high-impedance relay. A nonlinear resistor in the relay limits the voltage developed across the 
relay to a value that does not overstress the relay’s insulation. This nonlinear element limits 
the voltage by permitting a large current to flow through it. The instantaneous overcurrent 
unit in the relay is connected in series with the nonlinear resistor and operates when the cur- 
rent exceeds its pickup setting. This relay provides fast tripping times of 0.5 cycle to 
1.5 cycles on very severe faults within its protection zone. 
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Figure 4-34—High-impedance differential relay used in bus protection, 
one phase shown 
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4.4.15.5 Pilot wire differential relays (Device 87L) 
4.4.15.5.1 Application 


The differential relays discussed thus far in 4.4.15 cannot be used to protect long lines or 
cables because of the distances required to bring CT leads and breaker tripping wires to the 
relay from both ends of the line. Therefore, a special type of relay called a pilot wire differen- 
tial relay is used to protect lines. 


The pilot wire differential relay is a high-speed relay designed for phase and ground protec- 
tion for two- and three-terminal transmission and distribution lines. They are generally 
applied on short lines, normally less than 40 km long. Their operating speed is approximately 
20 ms. One of the typical pilot wire relays is discussed in 4.4.15.5.2. 


4.4.15.5.2 Operating principles of a current pilot wire relay 


Pilot wire differential relaying is a relay system consisting of two identical relays located at 
each end of a line (see Figure 4-35). The relays are connected together with a two-conductor 
pilot wire. The output from three individual phase CTs is applied to a sequence network that 
produces a composite current that is proportional to the line current and has a polarity related 
to line current flow direction. Each relay contains a restraint element and an operate element. 
The restraint elements are in series with the pilot wire, while the operate elements of each 
relay are in parallel with the pilot wire. The circuit is basically that of the percentage 
(restraint) differential relay with the operating circuit broken into parallel circuits separated 
by pilot wires. This relay is available in both electromechanical and static designs. 
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Figure 4-35—Simplified connections for a pilot wire differential relay 


When the fault is external to the relay’s protective zone (see Figure 4-35), current flows in the 
pilot wire through each relay’s restraint coils, but not through the relay’s operating coil. If the 
fault is within the relay’s protective zone and current is flowing into the fault from both direc- 
tions, the direction of pilot wire current Jp, remains the same; but the direction of current [pp 
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reverses and forces current to flow into each relay’s operating coil. If the fault current flows 
through circuit breaker A only, the relay at A still passes sufficient current through the pilot 
wire to operate the relay at circuit breaker B. 


The relay is designed to give complete phase and ground-fault protection. The ground protec- 
tion is derived from the residual connection of the line CTs, and its sensitivity depends on the 
CT ratio. A static pilot wire relay is available that accepts an input from a low-ratio zero- 
sequence CT. This feature allows for a sensing low-level ground current that is useful when 
applied on a low-resistance grounded system. 


Compliance with the manufacturer’s application instructions is necessary to provide a total 
system of protection. 


4.4.15.5.3 Pilot wire specifications 


To insure the pilot relay system is reliable, details should be specified on the construction and 
installation of the pilot wires. Construction requirements should include wire size, insulation, 
twist length, shielding, and jacketing. Installation instructions should include whether over- 
head or underground (if overhead, include spacing below any power lines), splicing, where to 
ground the shield, protection of pilot wire shield against excessive currents, protection of 
cable and relays from overvoltages, and how to treat spare wires that are in the same conduc- 
tor bundle as the pilot wires. 


Much controversy exists on what the exact specifications should be because many variations 
have worked successfully. 


A sample specification that has proved satisfactory at a number of industrial sites, for both 
overhead and underground applications, is given in 4.4.15.5.3.1 and 4.4.15.5.3.2. 


4.4.15.5.3.1 Pilot wire construction requirements 


a) Wire size. Six pairs of AWG No 19 solid annealed copper conductors shall be used. 
(Maximum pilot wire loop resistance should be less than 2000 Q and maximum 
capacitance is 1.5 uF for a two-terminal system.) 

b) = Insulation. Each conductor shall be insulated with 0.381 mm polyethylene. The con- 
ductor shall be bound with a nonhydroscopic binder tape, over which shall be 
extruded a high-dielectric polyethylene inner jacket. The jacket shall have a nominal 
thickness of 1.143 mm. 

c) Twist length. The pairs shall be twisted with a minimum twist length of 178 mm. The 
twist length of each pair shall be different. 

d) Shield. Over the inner jacket shall be applied a spiral-wound shield tape with a mini- 
mum overlap of 20% of the tape width. The tape shall be 0.127 mm thick copper or 
0.203 mm thick aluminum. 

e) Overall jacket. An overall jacket shall be applied over the shield tape. The thickness 
of the jacket over the shield tape shall be 0.152 mm. The overall jacket shall encom- 
pass the cable and messenger in a Figure-8 configuration. The jacket compound shall 
be applied so that it completely floods the interstices of the messenger. The outer 
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g) 


h) 


jacket material shall be pigmented for protection from radiation and may be either 
polyvinyl chloride or polyethylene. 

Messenger. The messenger shall be 6.35 mm, 7-strand, extra strength steel (minimum 
breaking strength, 30 kN) with Class A zinc coating. Messenger shall comply with 
ASTM A-475-69. 

Cable. The cable shall comply with the requirements of ICEA S-61-402 for Type D 
control cable for pilot wire duty. 

DC high-potential test. In addition to the testing required by the reference specifica- 
tions, the completed cable shall be subjected to a 20 000 V dc high-potential test in 
accordance with IEEE standards between conductors and shield and between shield 
and the messenger. 


4.4.15.5.3.2 Pilot wire installation instructions 


a) 
b) 


i) 
aD) 


k) 


Ground the messenger wire at each pole. 

Ground the shield at each terminal. 

1) Connect shield to station ground. 

2) Shield should be continuous end to end. 

3) Protect shield from possible transient overcurrent during system faults with 
parallel power conductor. Because potential differences in grounds may exist 
during fault conditions, a conductor should be connected in parallel with the 
shield to carry the current that may flow between grounds rather than permit the 
current to flow through the shield. 

Splices (if required) shall be in line using Scotchmold Epoxy splice kits or equal. 

Insulating transformers shall not have a midpoint grounded on a high-voltage side. 

Neutralizing transformers shall not be used. 

Carbon gaps shall not be used. 

Mutual drainage reactors or gas discharge tubes, or both, shall not be used. 

If any pair in cable is used for purposes other than pilot wire, it shall be 

1) Twisted pair with twist length different from pilot wire pair, 

2) Ungrounded, 

3) Terminated at each end in 10 kV (minimum) insulating transformers or 
equivalent. 

Unused pairs in cable shall be short-circuited and grounded at only one end. 

Terminal blocks are acceptable only if they are mounted on suitable standoff insula- 

tors and only if suitable clearances to ground and to shields are maintained. 

Line clearances shall comply with the National Electrical Safety Code® (NESC®) 

(ASC C2-2002). 


4.4.15.5.4 Application guidelines 


Other devices are required and applied with each relay terminal to provide a complete sys- 
tem. These devices include a milliammeter, switch, and auxiliary transformer for testing; 
insulating transformer for pilot wire isolation; and pilot wire supervision relays for detection 
and alarm of pilot wire problems. An optional neutralizing reactor is applied where the differ- 
ence between station ground and remote ground can exceed 600 V rms during power system 
faults. This rise in ground potential appears across the neutralizing transformer inserted in the 
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pilot wire. In addition, an optional drainage reactor is applied to drain off longitudinally 
induced voltages that may occur by lightning surges (not a direct stroke) or the parallel asso- 
ciation of the pilot wire with faulted power circuits. By forcing equal current flow from the 
two wires into ground, it minimizes wire-to-wire voltages. 


4.4.15.5.5 Taps 


Current taps are provided to give adjustable minimum trip selection and sequence filter cir- 
cuit taps that permit phase and ground sensitivity selection. 


4.5 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ASC C2-2002, National Electrical Safety Code® (NESC®).? 
ASTM A-475-69, Specification for Zinc-Coated Steel Wire Strand.* 


ICEA S-61-402, Thermalplastic-Insulated Wire and Cable for the Transmission and Distribu- 
tion of Electrical Energy. 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants JEEE Red Book).® 


IEEE Std C37.2-1996, IEEE Standard Electrical Power System Device Function Numbers 
and Contact Designations. 
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Chapter 5 
Low-voltage fuses 


5.1 General discussion 


A low-voltage fuse is a device that protects a circuit by opening its current-responsive 
element when an overcurrent passes through it. A fuse, as defined in The Authoritative 
Dictionary of IEEE Standards, Seventh Edition,! is an overcurrent protective device with a 
circuit-opening fusible part that is heated and severed by the passage of the overcurrent 
through it. 


NOTE—A fuse comprises all the parts that form a unit capable of performing the prescribed functions. 
It may or may not be the complete device necessary to connect it into an electric circuit. 


A fuse has these functional characteristics: 


a) It combines both the sensing and interrupting elements in one self-contained device. 

b) It is direct acting in that it responds to a combination of magnitude and duration of 
circuit current flowing through it. 

c) It normally does not include any provision for manually making and breaking the 
connection to an energized circuit, but requires separate devices (e.g., a disconnect 
switch) to perform this function. 

d) It is a single-phase device. Only the fuse in the phase or phases subjected to overcur- 
rent responds to de-energize the affected phase or phases of the circuit or equipment 
that is faulty. 


e) After having interrupted an overcurrent, it is renewed by the replacement of its 
current-responsive element before restoration of service. 


5.2 Definitions 


The following terms may be found in other industry publications on fuses, but are included in 
this recommended practice for convenience. 


5.2.1 ampere rating: The root-mean-square (rms) or dc current that the fuse carries continu- 
ously without deterioration and without exceeding temperature rise limits specified for that 
fuse. 


5.2.2 arcing time: The time elapsing from the melting of the current-responsive element 
(e.g., the link) to the final interruption of the circuit. This time is dependent upon such factors 
as voltage and reactance of the circuit. (See Figure 5-1.) 


'nformation on references can be found in 5.9. 
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<—— MAXIMUM POSSIBLE ASYMMETRICAL PEAK 
ON BOLTED FAULT WITHOUT FUSE 
(242 000 A) 


FAULT OCCURS 


2000 A CL FUSE — PEAK 
LET-THROUGH OF 120 000 A 
100 000 RMS SYMMETRICAL 
AVAILABLE 


TIME 


a = MELTING TIME 
b = ARCING TIME 
c = TOTAL CLEARING TIME 


Figure 5-1 —Typical current limitation showing peak let-through current and 
total clearing time 


5.2.3 bridge: The narrowed portion of a fuse link that is expected to melt first. One link may 
have two or more bridges in parallel and in series as well. The shape and size of the bridge is 
a factor in determining the fuse characteristics under overload and fault current conditions. 


5.2.4 current limiter: A device intended to function only on fault currents and not on lesser 
overcurrents regardless of time. Such a device is often used in series with a circuit breaker, 
which protects against overloads and low-level short circuits. However, cable limiters are 
types of current limiters that are used to provide short-circuit protection for cables, without 
being in series with another type of device. 


5.2.5 current-limiting fuse: A fuse that interrupts all available currents above its threshold 
current and below its maximum interrupting rating, limits the clearing time at rated voltage to 
an interval equal to or less than the first major or symmetrical loop duration, and limits peak 
let-through current to a value less than the peak current that would be possible with the fuse 
replaced by a solid conductor of the same impedance. Only Class G, Class J, Class L, 
Class R, Class CC, and Class T may be marked “current limiting.’ Class K fuses are, in fact, 
current limiting, but may not be marked “current limiting-” Article 240-60b of the National 
Electrical Code® (NEC®) (NFPA 70-1999) prohibits fuse clips for current-limiting fuses 
from accepting noncurrent-limiting fuses. (See Figure 5-1.) 


5.2.6 delay: A term usually applied to the opening time of a fuse when in excess of 1 cycle, 
where the time may vary considerably between types and manufacturers and still be within 
established standards. This word, in itself, has no specific meaning other than in manufactur- 
ers’ claims unless published standards specify delay characteristics. See: time delay. 
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5.2.7 dual-element fuse: A cartridge fuse having two or more current-responsive elements of 
different fusing characteristics in series in a single cartridge. The dual-element design is a 
construction technique frequently used to obtain a desired time-delay response characteristic. 
Labeling a fuse as dual-element means this fuse meets Underwriters Laboratories (UL) time- 
delay requirements (i.e., can carry five times rated current for a minimum of 10 s for Class J, 
Class H, Class K, and Class R, except for the 0 A to 30 A, 250 V case size Class H, Class K, 
and Class R fuses, where minimum opening time can be reduced to 8 s for five times the rated 
current). 


5.2.8 ferrule: The cylindrical-shaped fuse terminal that also encloses the end of the fuse. In 
low-voltage fuses, the design is only used in fuses rated up to and including 60 A. The ferrule 
may be made of brass or copper and may be plated with various materials. 


5.2.9 fuse-link: [British Standards Association (BSA) terminology] A complete enclosed car- 
tridge fuse. The addition of a carrier, or holder, completes the fuse. [In the United States] A 
replaceable part or assembly that comprises entirely or principally the conducting element 
and is required to be replaced after each circuit interruption to restore the fuse to operating 
conditions. See: link. 


5.2.10 high rupturing capacity (HRC): [British Standards Association (BSA) and Canadian 
Standards Association (CSA) terminology] A term equivalent to National Electrical Manu- 
facturers Association (NEMA) high interrupting rating and generally indicating capability of 
interruption of at least 100 000 A root-mean-square (rms) for low-voltage fuses. 


5.2.11 It (ampere-squared seconds): A factor of heat energy developed within a circuit dur- 
ing the fuse’s melting or arcing. The sum of melting and arcing Pris generally stated as total 
clearing Pt. Actual energy is Prt, but r (resistance) is assumed as a constant for comparison 
(see Figure 5-2). 


COMPARE THE VOLUMES -— 


EFFECTIVE CURRENTS 

I'y = PEAK LET-THROUGH CURRENT a 
12 — EFF LELTHROUGH CURRENT WITH CURRENT- WITHOUT CURRENT- 
1, = AVAILABLE PEAK CURRENT LIMITING FUSE LIMITING FUSE 

lp = RMS CURRENT 


CLEARING 
TIME 
WITH CURRENT-LIMITING FUSE (1,)°t, 


ONE CYCLE WITHOUT FUSE (1,)°t, 


Figure 5-2—Graphic representation of / 2t 
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5.2.12 interrupting rating: The rating based upon the highest root-mean-square (rms) ac or 
dc current that the fuse is tested to interrupt under the conditions specified. The interrupting 
rating, in itself, has no direct bearing on any current-limiting effect of the fuse. 


5.2.13 link: The current-responsive element in a fuse that is designed to melt under overcur- 
rent conditions and interrupt the circuit. A renewal link is one intended for use in Class H 
low-voltage renewable fuses. 


5.2.14 melting time: The time required to melt the current-responsive element on a specified 
overcurrent. Where the fuse is current limiting, the melting time may be approximately half 
or less of the total clearing time. (Sometimes referred to as pre-arcing time.) (See Figure 5-1.) 


5.2.15 NEC® dimensions: Dimensions once stated in the National Electrical Code® (NEC®) 
(NFPA 70-1999), but now found in Underwriters Laboratories (UL) and Canadian Standards 
Association (CSA) standards. These dimensions are common to Class H and Class K fuses 
and provide interchangeability between manufacturers for fuses and fusible equipment of a 
given ampere and voltage range. 


5.2.16 one-time fuse: Strictly speaking, any nonrenewable fuse, but generally accepted and 
used to describe any Class H or Class K nonrenewable cartridge fuse, with a single (as 
opposed to dual) fusing element. 


5.2.17 overload: An overcurrent, or more current than normal, that stays in the normal cur- 
rent path. 


5.2.18 peak let-through current (Ip): The maximum instantaneous current through a 
current-limiting fuse during the total clearing time. Because this value is instantaneous, it 
exceeds the root-mean-square (rms) available current, but is less than the peak current 
available without a fuse in the circuit if the fault level is high enough for it to operate in its 
current-limiting mode. (See Figure 5-1.) 


5.2.19 plug fuses: Fuses that are rated 125 V and available with current ratings up to 30 A. 
Their use is limited to circuits rated 125 V or less. However, they may also be used in circuits 
supplied from a system having a grounded neutral and in which no conductor operates at 
more than 150V to ground. The National Electrical Code® (NEC®) (NFPA 70-1999) 
requires Type S fuses in all new installations of plug fuses because they are tamper resistant 
and size limiting and thus make overfusing difficult. 


5.2.20 pre-arcing time: See: melting time. 

5.2.21 renewable fuse: A fuse in which the element, usually a zinc link, may be replaced 
after the fuse has opened. Once a popular item, this fuse is gradually losing popularity due to 
the possibility of using higher ampere-rated links or multiple links in the field. 

5.2.22 selectivity: A general term describing the interrelated performance of protective 


devices. Complete selectivity is obtained when a minimum amount of equipment is removed 
from service for isolation of a fault or other abnormality. 
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5.2.23 short-circuit current: An overcurrent, or more current than normal, that goes outside 
the normal current path when it is shunted around the load. See: overload. 


5.2.24 threshold current: The magnitude of current at which a fuse becomes current limit- 
ing, specifically, the symmetrical root-mean-square (rms) available current at the threshold of 
the current-limiting range, where the fuse total clearing time is less than 0.5 cycle at rated 
voltage and rated frequency, for a symmetrical closing, at a power factor of less than 20%. 
The threshold ratio is simply the ratio of the threshold current to the fuse’s continuous-current 
rating. 


5.2.25 time delay: A term now used by National Electrical Manufacturers Association 
(NEMA), American National Standards Institute (ANSI), Underwriters Laboratories (UL), 
and Canadian Standards Association (CSA) to mean, in Class H, Class K, Class J, and 
Class R cartridge fuses, a minimum opening time of 10s on an overload current five times 
the ampere rating of the fuse, except for Class H, Class K, and Class R, 0 A to 30 A, 250 V 
case size where the minimum opening time can be reduced to 8 s for five times the rated 
current. Such time-delay is particularly useful in allowing the fuse to pass the momentary 
starting overcurrent of a motor, yet not hindering the opening of the fuse should the overload 
persist. In Class G, Class CC, and plug fuses, the phrase time-delay requires a minimum 
opening time of 12s on an overload of twice the fuse’s ampere rating. The time-delay 
characteristic does not affect the fuse’s short-circuit current clearing ability. Time-delay is in 
contrast with the term nontime-delay or fast-acting as applied to other fuse types. 


5.2.26 total clearing time: The total time between the beginning of the specified overcurrent 
and the final interruption of the circuit, at rated voltage. It is the sum of the minimum melting 
time plus tolerance and the arcing time. For clearing times in excess of 0.5 cycle, the clearing 
time is substantially the maximum melting time for low-voltage fuses. (See Figure 5-1.) 


5.2.27 tube: The cylindrical enclosure of a fuse. It may be made of laminated paper, special 
fiber, melamine impregnated glass cloth, bakelite, ceramic, glass, plastic, or other materials. 


5.2.28 voltage rating: The root-mean-square (rms) ac (or the dc) voltage at which the fuse is 
designed to operate. All low-voltage fuses function on any lower voltage, but use on higher 


voltages than rated is hazardous. For high short-circuit currents, increasing the voltage 
increases the arcing and clearing times and the clearing Pt values. 


5.3 Documentation 


The various electrical industry standards about fuses are highlighted in this clause. Each is 
available from its source and should be studied for detailed requirements. 


5.3.1 Standards from Underwriters Laboratories (UL) and Canadian Standards 
Association (CSA) 


UL 248-1-2000 and CSA C22.2 No. 248.1-2000 provide general requirements for low- 
voltage fuses (1000 V or less). Subsequent, detailed parts, along with the general 
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requirements, are described in 5.3.1.1 through 5.3.1.8. Figure 5-3 shows the classification of 
low-voltage fuses covered by the standards. 


LOW VOLTAGE FUSES (0-1000V) C22 2 NO, 248 I, UL 248-1 
SUPPLEMENTARY FUSES SEMICONDUCTOR FUSES TEST LIMITERS 
222 NO, 248.14 22 2 NO, 248.13 22.2 NO. 248.16 
UL 248-14 UL 248-13 UL 248-16 
NONCURRENT LIMITING CURRENT LIMITING 
PLUG FUSE CLASS H CLASS CG CLASS T CLASS G CLASS J CLASS L 
C22 2 NO. 248.11 C22 2 NO, 248.4 €22.2 NO. 248.15 22 2 NO, 248.5 C22,2 NO 248.8 22.2 NO. 248.10 
UL 248-11 UL 248-4 UL 248-15 UL 248-5 UL 248-8 UL 248-10 
NONRENEWABLE RENEWABLE CLASS K CLASS R 
C22 2 NO. 248.6 C22 2 NO. 248.7 C22 2 NO. 248.9 C22 2 NO. 248.12 
UL 248-6 UL 248-7 UL 248-9 UL 248-12 
KA K-5 K-9 RK1 RK5S 
LASS C CLASS CA CLASS CB 
C22 NO. 248.2 C22 NO. 248.3 C22 NO. 248.3 
UL 248-2 UL 248-3 UL 248-3 


Figure 5-3—Low-voltage fuses covered by UL and CSA 


5.3.1.1 Class H fuses 


UL 248-6-2000 and CSA C22.2 No. 248 .6-2000 cover nonrenewable Class H fuses. UL 248- 
7-2000 and CSA C22.2 No. 248.7-2000 cover standard renewable Class H fuses. These fuses 
are rated 250 V or 600 V, 600 A or less, and are in accordance with the National Electrical 
Code® (NEC®) (NFPA 70-1999). These fuses are not recognized as being current limiting. 
They shall not bear a marking that states or implies that they are current limiting. Neither a 
fuse nor its carton may be marked “direct current” or “dc” unless found suitable for use on 
both ac and dc. (See 5.3.1.8.) Fuses marked “time-delay,” “D,” “dual element,’ or any phrase 
of similar significance should not open in less than 10 s at five times their rating, except for 
the 250 V, 30 A case size, which has a minimum 8 s opening time at five times their rating. 


The principal requirements are dimension, design, construction, performance, and markings. 
Under performance, the fuses are tested for the following: 


a) Continuous-current-carrying ability and temperature rise. 

b) Overload operation within prescribed maximum times at 135% and 200% of the 
fuse’s continuous-current rating. 

c)  Time-delay test (optional) for a minimum opening time of 10 s at five times the con- 
tinuous-current rating, except for fuses of 0 A to 30 A, 250 V, minimum clearing time 
may be reduced to 8 s at 500%. A fuse may be labeled “time delay,” “dual element,” 
etc. only if it passes this test. 

d)  Short-circuit interrupting capability at 10000 A root mean square (rms) (ac). DC 
testing is optional. 
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5.3.1.2 Class G, Class J, Class L, Class CC, Class C, Class CA, and Class CB 


The following standards cover the indicated fuses: 


Fuse class Standard 


UL 248-5-2000 and CSA C22.2 No. 248.5-2000 


UL 248-8-2000 and CSA C22.2 No. 248.8-2000 


UL 248-10-2000 and CSA C22.2 No. 248.10-2000 
U 


JL 248-4-2000 and CSA C22.2 No. 2484-2000 


UL 248-2-2000 and CSA C22.2 No. 248.2-2000 


CA and CB UL 248-3-2000 and CSA C22.2 No. 248.3-2000 


These requirements cover nonrenewable cartridge fuses that limit the peak let-through cur- 
rent and the total /7r and that exhibit current-limiting characteristics above specified values of 
current. These fuses have different dimensional characteristics than Class H and Class K 
fuses to meet noninterchangeability requirements of current-limiting fuses. (See NEC 
Article 240-60b and Figure 5-2.) 


Class G fuses have an ac rating to interrupt 100 000 A rms. They are labeled as “current-lim- 
iting,’ have an ac rating of 480 V (25-60 A) and 6000 V (0-20A), and may have an addi- 
tional optional dc rating up to 480 V. Their dimensions are not interchangeable with other 
classes of fuses. Class G fuses may be either fast-acting or time-delay. Class G fuses are 
available up through 60 A in four different body sizes (0-15 A, 20 A, 25 and 30 A, and 35— 
60 A). 


Class J fuses have an ac rating to interrupt 200 000 A rms. They are labeled as “current- 
limiting,’ have an ac rating of 600 V, and may have an additional optional dc rating up to 
600 V. Their dimensions are not interchangeable with other classes of fuses. Class J fuses 
may be either fast-acting or time-delay. Class J fuses that have a time delay of at least 10 s at 
five times rated current may have “time delay” or the equivalent written on the label. 


Class L fuses have ratings in the range of 601 A to 6000 A, have an ac rating to interrupt 
200 000 A, have an ac rating of 600 V, and have specified dimensions larger than those of 
other fuses rated 600 V (or less). They are intended to be bolted to bus bars and are not used 
in clips. UL has no definition of time delay for Class L fuses; however, many Class L fuses 
have substantial overload time-current carrying capability. Class L fuse standards do not 
include 250 V ratings. 


Class CC fuses have an ac rating to interrupt 200 000 A rms. They are labeled as “current- 
limiting,’ have an ac rating of 600 V, and may have an additional optional dc rating up to 
600 V. Rejection features in fuse clips for Class CC fuses reject all but Class CC fuses. They 
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may be either fast-acting or time-delay. Class CC fuses are available up through 30 A in one 
case Size. 


Class C fuses have an ac rating to interrupt 200 000 A rms. They may be marked “current- 
limiting” if they pass a threshold current test. Class C fuses have an ac rating of 600 V and 
may have an additional optional dc rating up to 600 V. Class C fuses are available up through 
1200 A in four case sizes (0-100 A, 101-200 A, 201-800 A, and 801-1200 A). 


Class CA and Class CB fuses have an ac rating to interrupt 200 000 A rms. They are labeled 
as “current-limiting,’ have an ac rating of 600 V, and may have an additional optional dc rat- 
ing up to 600 V. Class CA fuses are available up through 30 A and have mounting holes in 
their end blades. Class CB fuses are available up through 60 A, without mounting holes in 
their end blades. Class CB fuses have two body sizes (0-30 A and 35-60 A). 


5.3.1.3 Class K 


UL 248-9-2000 and CSA C22.2 No. 248 .9-2000 cover fuses made in the same dimensions as 
Class H fuses, but which have an ac rating to interrupt 50 000 A, 100 000 A, or 200 000 A 
rms. Class K fuses have prescribed values of peak let-through current and Pt for each case 
size (0-30 A, 31-60 A, 61-100 A, 101-200 A, 201-400 A, and 401-600 A). Because they 
have no required threshold ratio and are interchangeable with Class H fuses, they are not 
labeled as current limiting. See NEC Article 240-60(b). They are rated up to 600 A in both 
250 V and 600 V sizes. Class K fuses are tested for continuous-current-carrying ability, 
temperature rise, overload opening, and an optional time-delay test of 10s (8s for 250 V, 
30 A case size) at five times the current rating in order to be labeled as “time delay,” “dual 
element,’ etc. They are also tested at various short-circuit levels up to their maximum 
interrupting rating and for compliance with prescribed maximum values of peak let-through 
current and /7¢ for each of the three divisions: K-1, K-5, and K-9 . K-1 fuses are required to 
have the lowest /*t and I p let-through values. K-5 fuses are allowed to have higher values, and 
K-9 fuses have the highest Pt and Ip limits. They are labeled for the class subdivision, 
interrupting rating, amperes, and maximum voltage. 


NOTE—Any one manufacturer may produce two or three Class K-5 fuses with different interrupting 
ratings or with the same interrupting rating and differing peak let-through and Pt values distinguished 
by catalog numbers, but all within the requirements of that class. 


5.3.1.4 Class R 


UL 248-12-2000 and CSA C22.2 No. 248.12-2000 cover Class R fuses. They have ac ratings 
to interrupt 200 000 A. The standard has prescribed values for maximum peak let-through 
currents, Pt and threshold current, with subclass RK-1 having the lowest (or most restrictive) 
values as compared to subclass RK-5. Fuseholders designed to accept Class R fuses do not 
accept Class H or Class K fuses or any other class. However, Class R fuses do fit into Class H 
or Class K fuseholders. Class R fuses are available with or without time delay. If marked 
“time delay” or similarly, they are required to have a minimum opening time of 10 s when 
subjected to a load of five times rated current, except for the 0 A to 30 A, 250 V case size, 
where minimum opening time can be reduced to 8 s for five times the rated current. 
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5.3.1.5 Plug fuses 


UL 248-11-2000 and CSA C22.2 No. 248.11-2000 cover Edison base and Type S base plug 
fuses, which may or may not be provided with time-delay characteristics. Type S base plug 
fuses have rejection features that limit the ampere rating of fuses that may be installed in a 
particular fuseholder. 


5.3.1.6 Supplemental fuses 


UL 248-14-2000 and CSA C22.2 No. 248.14-2000 cover glass, miniature, micro, and other 
miscellaneous fuses for supplementary protection. These standards do not pertain to branch 
circuit fuses. 


5.3.1.7 Class T 


UL 248-15-2000 and CSA C22.2 No. 248.15-2000 cover Class T current-limiting fuses. 
These fuses have characteristics similar to Class J fuses, but are dimensionally smaller. They 
are available in ac ratings up to 1200 A at both 300 V and 600 V. As current-limiting fuses, 
they are not dimensionally interchangeable with any other class of fuse. Class T fuses have an 
ac rating to interrupt 200 000 A rms. 


5.3.1.8 DC fuses 


Optional requirements for de are found in UL 248-1-2000, CSA C22.2 No. 248.1-2000, and 
UL 198L-1995. Preferred dc voltage ratings are 60 V, 125 V, 160 V, 250 V, 300 V, 400 V, 
500 V, and 600 V. Preferred dc interrupting ratings are 10000A, 20 000A, 50 000A, 
100 000 A, 150000 A, and 200000 A. These requirements cover Class C, Class CA, 
Class CB, Class CC, Class G, Class H, Class J, Class K, Class L, Class R, and Class T fuses. 
UL 198M-1995 covers requirements for Class K and Class R fuses intended for use in pro- 
tecting trailing cables in dc circuits in mines. The standard follows the requirements of the 
US Department of Labor’s Mine Safety and Health Administration (MSHA). These fuses 
have a maximum rating of 600 A, with a voltage rating of 300 V or 600 V. The maximum dc 
interrupting rating is 20 000 A. 


5.3.2 NEMA FU-1-1986 


NEMA FU-1-1986 covers low-voltage cartridge fuses with requirements that are similar to 
the requirements found in the UL and CSA standards given in 5.3.1. 


5.3.3 The NEC 
NEC articles that apply to fuses include 


— 110-9, Interrupting Rating Requirements 
— 110-10, Circuit Impedance and Other Characteristics 


— 240-02, List of Articles Covering Overcurrent Protection for Specific Equipment 
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— 240-6, Standard Ampere Ratings 

— 240-11, Definition of Current-Limiting Protective Device 
— 240-50, Plug Fuses, Fuseholders, and Adapters 

— 240-51, Edison Base Fuses 

— 240-53, Type S Fuses 

— 240-54, Types S Fuses, Adapters, and Fuseholders 

—  240-60b, Noninterchangeability 

—  240-60c, Marking on Fuses 

— 240-61, Fuse Classification 


5.4 Standard dimensions 


UL and CSA have established the dimensional requirements for the various classifications of 
low-voltage fuses. Figure 5-4 through Figure 5-10 show typical dimensions (see fuse manu- 
facturer’s data for actual dimensions) for Class H, Class K, Class L, Class G, Class J, 
Class T, Class CC, and Class R fuses. 
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FERRULE-TYPE CARTRIDGE FUSE — KNIFE-BLADE TYPE CARTRIDGE FUSE — 
0-60 A 61-600 A 


SB0585 sposss CAP (gee noTE) 


NOTE—The dashed line represents the limit of the maximum projection of a screw, rivet head, or 
the like. It becomes a circle for a fuse rated more than 200 


A.DIMENSIONS OF KNIFE-BLADE TYPE FUSES IN INCHES (mm) 


Maximum Minimum 
Dimensions Over Distance 
Projections® From Minimum 
Maximum Minimum ———. Midpoint = Overall 
Overall Outside Lengthof Outside Measured Measured of Fuse Length 
Length Diameter Ferrule Diameter Thickness Width Parallel —_ at Right to of 
of of or of of of to Angles Nearest Cylindrice 
Rating Fuse® Tube Blade Ferrule> —_ Blade® Blade? Blade to Blade Live Part Body! 
Volts | Amperes A B Cc D E F G H | J 
0-30 2.00 0.53 0.50 0.562 
(50.8) (13.5) (12.7) (14.27) 
31-60 3.00 0.78 0.625 0.812 
(76.2) (19.8) (15.9) (20.62) 
61-100 5.87 1.00 0.125 0.750 0.66 0.59 1.03 
250 (149.2) (25.4) (3.18) (19.05) (16.7) (15.1) (26.2) 
101-200 7.12 1.37 0.188 1.125 0.94 0.84 1.19 4.12 
(181.0) (34.9) (4.78) (28.58) (23.8) (21.4) (30.2) (104.8) 
201-400 8.62 1.87 0.250 1.625 1.20 1.20 1.19 4.62 
(291.1) (47.6) (6.35) (41.28) (30.6) (30.6) (30.2) (117.5) 
401-600 10.37 2.25 0.250 2.000 1.45 1.45 1.53 5.19 
(263.5) (57.1) (6.35) (50.80) (36.9) (36.9) (38.9) (131.8) 
0-30 5.00 0.78 0.50 0.812 
(127.0) (19.8) (12.7) (20.62) 
31-60 5.50 1.03 0.62 1.062 
(139.7) (26.2) (15.9) (26.97) 
61-100 7.87 1.00 0.125 0.750 0.78 0.72 1.75 
600 (200.0) (25.4) (3.18) (19.05) (19.8) (18.3) (44.4) 
101-200 9.62 1.37 0.188 1.125 1.06 0.98 2.25 6.12 
(244.5) (34.9) (4.78) (28.58) (27.0) (25.0) (57.1) (155.6) 
201-400 11.62 1.87 0.250 1.625 1.45 1.45 2.50 7.12 
(295.3) (47.6) (6.35) (41.28) (36.9) (36.9) (63.5) (181.0) 
401-600 13.37 2.25 0.250 2.000 1.72 1.72 2.69 8.18 
(339.7) (57.1) (6.35) (5.08) (43.7) (43.7) (68.3) (208.0) 


*Tolerances: 0-60 A, +0.03 in (+0.8 mm); 61-200 A, +0.06 in (1.6 mm); 201-600 A, +0.09 in (+2.4 mm). 
Column D tolerance: +0.020 in (+0.020 mm). 

©Column E tolerance: +0.003 in (0.08 mm). 

dColumn F tolerance: +0.035 in (+0.89 mm). 


©The maximum overall dimension of a screw ring for a renewable fuse, the position of which with respect to the position of the knife blad 
cannot be predetermined, shall be no more than the value specified for dimension H. 


‘The length of the cylindrical body may be less than the indicated value if other acceptable interference means, pins through the blade: 
collars, and the like, are provided to prevent mounting the fuse in a fuseholder that will accommodate a fuse rated in the next lower brack 
of current ratings. 


Figure 5-4—Class H and Class K dimensions 
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DIMENSIONS OF CLASS L FUSES IN INCHES (mm)@ 


Maximum Width of Thicknessof Overall 
Cartridge Diameter Blades Blades Length 
Size in 
Amperes A B Cc D 
601-800 2.53 2.0 0.375 8.63 
(64.3) (50.8) (9.5) (219.1) 
2.78 2.0 0.375 10.75 
801-1200 (70.6) (50.8) (9.5) (273.0) 
3.03 2.38 0.44 10.75 
1201-1600 (77.9) (60.3) (11.1) (273.0) 
3.53 2.75 0.50 10.75 
1601-2000 (g9.7) (69.8) (12.7) (273.0) 
5.03 3.50 0.75 10.75 
2001-2500 (127.8) (88.9) (19.0) (273.0) 
5.03 4.0 0.75 10.75 
2501-3000 (127.8) (101.6) ~—«(19.0) (273.0) 
5.78 4.75 0.75 10.75 
3001-4000 (146.8) (120.6) ~—=—(19.0) (273.0) 
7.16 5.25 1.0 10.75 
4001-5000 igi.g) (133.4) ~—(25.4) (273.0) 
7.16 5.75 1.0 10.75 
5001-6000 igi.g) (146.0) ~—«(25.4) (273.0) 


4Tolerances: B, +0.06 in (+1.6 mm); C, +0.03 in (+0.8 mm); 
D, +0.09 in (+2.4 mm). 


Figure 5-5—Class L fuse dimensions 


CHAPTER 5 


4 53a 


101.6 146.0 


Copyright © 2001 IEEE. All rights reserved. 


IEEE 
LOW-VOLTAGE FUSES Std 242-2001 


CLASS G FUSES 


FERRULE 


SB0585 


DIMENSIONS OF CLASS G FUSES IN INCHES (mm)® 


Maximum 
Overall Outside Minimum Outside 
Length of Diameter of Length of Diameter of 
Rating Fuse Tube Ferrule Ferrule 

Volts Amperes A B Cc D 
300 0-15 1.31 0.38 0.28 0.406 

(33.3) (9.5) (7.1) (10.31) 
300 16-20 1.41 0.38 0.28 0.406 

(35.7) (9.5) (7.1) (10.31) 
300 21-30 1.62 0.38 0.28 0.406 

(41.3) (9.5) (7.1) (10.31) 
300 31-60 2.25 0.38 0.50 0.406 

(57.1) (9.5) (12.7) (10.31) 


Tolerances: A, +0.03 in (+0.8 mm); D, +0.006 in (+0.15 mm). 


Figure 5-6—Class G fuse dimensions 
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FERRULE-TYPE CLASS J FUSES — 
0-60 AMPERES 


A > 


kselevistance| 1 INCH MINIMUM 


BETWEEN © (25.4 mm) 
LIVE PARTS 


DIMENSIONS OF FERRULE-TYPE CLASS J FUSES IN INCHES (mm)? 


Minimum Outside 
Overall Length of Diameter of 
Cartridge Length Ferrule Ferrule 
Size in 
Amperes A B Cc 
0-30 2.25 0.50 0.812 
(57.1) (12.7) (20.62) 
2.37 0.63 1.062 
31-60 (60.3) (15.9) (26.97) 


@Tolerances: A, +0.03 in (0.8 mm); C, +0.008 in (+0.20 mm). 


KNIFE-BLADE TYPE CLASS J FUSES—61-600 AMPERES 


A 


wit 


. 
MINIMUM DISTANCE 


| ier | FROM MIDPOINT OF 
FUSE TO NEAREST 
ols : >| LIVE PART Cc 


c/2R 


DIMENSIONS OF KNIFE-BLADE TYPE CLASS J FUSES IN INCHES (mm)@ 


Distance 
Distance From End 
Between of Blade to 
Overall Centersof Maximum Widthof Thicknessof Lengthof Centerof Widthof Lengthof Length of 
Cartridge Length Slot Diameter® —_ Blades Blades Blades Slot Slot Slot Tube 
Sszen ce. ———————————_ —na——_——<—_<—<__— 
Amperes A B Cc D E F G H J K 
61-100 4.62 3.62 1.13 0.750 0.125 1.00 0.50 0.281 0.375 2.62 
(117.5) (92.1) (28.6) (19.05) (3.18) (25.4) (12.7) (7.14) (9.52) (66.7) 
101-200 5.75 4.38 1.63 1.125 0.188 1.37 0.69 0.281 0.375 3.00 
(146.0) (111.1) (41.3) (28.58) (4.78) (34.9) (17.5) (7.14) (9.52) (76.2) 
201-400 7.12 5.25 2.13 1.625 0.250 1.87 0.94 0.406 0.531 3.37 
(181.0) (133.4) (54.0) (41.28) (6.35) (47.6) (23.8) (10.32) (13.49) (85.7) 
401-600 8.00 6.00 2.63 2.000 0.375 2.12 1.00 0.531 0.688 3.75 
(203.2) (152.4) (66.7) (50.80) (9.52) (54.0) (25.4) (13.49) (17.48) (95.2) 


Tolerances: A, +0.09 in (+2.4 mm); B, +0.06 in (+1.6 mm); D, +0.035 in (40.89 mm); E, +0.003 in (£0.08 mm); F, +0.03 in (+0.8 mm); 
G, +0.03 in (+0.8 mm); H, +0.005 in (+0.13 mm); J, plus 0.062, minus 0.000 in (plus 1.57 mm, minus 0.00 mm); K, +0.03 in (40.08 mm). 


C/2 includes maximum dimension over projection. 


Figure 5-7—Class J fuse dimensions 
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DIMENSIONS OF FERRULE-TYPE FUSES IN INCHES (mm) 


Overall Outside Thickness Width Diameter 
Length Length Diameter of of of 
of of of Rejection Rejection Rejection 
4 A 3 Rating Fuse? Ferrule> Ferrule° Feature? Feature*® Feature® 
Bo <B>} Volts Amperes A B Cc D E F 
A 0-30 0.880 0.280 0.406 = = = 
(22.35) (7.11) (10.31) 
‘ 200 31-60 0.880 0.280 0.563 _ _ = 
(22.35) (7.11) (14.30) 
0-30 1.500 0.280 0.563 _ = _ 
0-60 A. 300 V 600 (38.10) (7.11) (14.30) 
0-30 A. 600 V 31-60 1.560 0410 0.812 0.062 0.812 0.994 
+——A (39.62) (10.41) (20.62) (1.57) (20.62) (25.25) 
<B>] 54] ie E> “Tolerances: 0-60 A, 300 V, +0.020 in (+0.51 mm); 0-60 A, 600 V, +0.40 in 
a4 (+1.02 mm). 
4 t / \ >Column B tolerance: +0.020 in (+0.51 mm). 
G E | a a ©Column C tolerance: +0.006 in (+0.15 mm). Diameter of tube is less than ferrules. 
\ } Ne y 4Columns D and E tolerance: +0.006 in (+0.15 mm). 
== Rejection feature may be either square or round. 
p—| L+— f Column F tolerance: minus 0.006 in plus 0.016 in (minus 0.15 mm plus 0.41 mm). 


KNIFE-BLADE TYPE FUSES 


OR 
A ROUNDED 
+B! -84| F. EDGES 
t TS 
Cc 
u SEE 
NOTE 
SB 1284 
DIMENSIONS OF KNIFE-BLADE TYPE FUSES IN INCHES (mm) 
Distance Diameter Minimum Distance of 
Overall Between Maximum of Maximum Length of Minimum Mounting 
Length of Mounting Length of Widthof Mounting Diameter Insulated Thickness Length Holes from 
Rating Fuse? Centers Body Blade® Holes? —_ of Fuse Body of Blade® of Blade End° 
Volts Amperes A B Cc D E F G H | J 
61-100 2.156 1.556 0.850 0.750 0.281 0.828 0.250 0.125 0.646 0.300 
(54.76) (39.52) (21.59) (19.05) (7.14) (21.03) (6.35) (3.18) (16.41) (7.62) 
101-200 2.438 1.895 0.850 0.875 0.344 1.078 0.250 0.188 0.787 0.372 
(61.93) (43.05 (21.59) (22.22 (8.74) (27.38 (6.35) (4.78) (19.99) (9.45) 
201-400 2.750 1.844 0.860 1.000 0.406 1.344 0.250 0.250 0.926 0.453 
300 (69.85) (46.84 (21.84) (25.40 (10.31) (34.14 (6.35) (6.35) (23.52) (11.51) 
401-600 3.063 2.031 0.880 1.250 0.484 1.625 0.250 0.312 1.074 0.516 
(77.80) (51.59 (22.35) (31.75 (12.29) (41.28 (6.35) (7.92) (27.28) (13.11) 
601-800 3.375 2.219 0.891 1.750 0.547 2.078 0.250 0.375 1.222 0.578 
(85.73) (56.36 (22.63) (44.45 (13.89) (52.78 (6.35) (9.53) (31.04) (14.68) 
801-1200 4.000 2.531 1.078 2.000 0.609 2.516 0.250 0.438 1.441 0.735 
(101.6) (64.29 (27.38) (50.8) (15.48) (63.90 (6.35) (11.11) (36.60) _ (18.67) 
61-100 2.953 2.352 1.640 0.750 0.281 0.828 0.500 0.125 0.646 0.300 
(75.01) (59.74 (41.66) (19.05 (7.14) (21.03 (12.70) (3.18) (16.41) (7.62) 
101-200 3.250 2.507 1.660 0.875 0.344 1.078 0.500 0.188 0.787 0.372 
(82.55) (63.67 (42.16) (22.22 (8.74) (27.38 (12.70) (4.78) (19.99) (9.45) 
600 201-400 3.625 2.719 1.730 1.000 0.406 1.625 0.500 0.250 0.926 0.453 
(92.08) (69.06 (43.94) (25.40 (10.31) (41.28 (12.70) (6.35) (23.52) (11.51) 
401-600 3.984 2.953 1.780 1.250 0.484 2.094 0.500 0.312 1.074 0.516 
(101.19) (75.01 (45.21) (31.75 (12.29) (53.19 (12.70) (7.92) (27.28) = (13.11) 
601-800 4.328 3.172 1.875 1.750 0.547 2.516 0.500 0.375 1.207 0.578 
(109.93) (80.57 (47.63) (44.45 (13.89) (63.91 (12.70) (9.53) (30.66) (14.68) 
@Tolerances: 61-200 A, 300 V, +0.020 in (+0.51 mm); 201-1200 A, 300 V and 61-800 A, 600 V, +0.40 in (+1.02 mm). 
®Column B tolerance: +0.015 in (+0.38 mm). 
°Columns D and J tolerance: +0.020 in (+0.51 mm), except J tolerance +0.028 in (+0.71 mm) for 801-1200 A, 300 V. 
4 Tolerances: minus 0.000 in (minus 0.00 mm); 61-100 A, plus 0.005 in (plus 0.13 mm); 101-200 A, plus 0.006 in (plus 0.15 mm); 201-400 A, 
plus 0.007 in (plus 0.18 mm); 401-1200 A, plus 0.008 in (plus 0.20 mm). 
©Column H tolerance: +0.006 in (+0.15 mm). 
Figure 5-8—Class T fuse dimensions 
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CLASS CC FUSE 


Fey esha 


Dy 


DIMENSIONS OF CLASS CC FUSES IN INCHES (mm) 


Ferrule Ferrule 
Rating Diameter® — Length® 
Volts Amperes A B 
600 0-30 0.405 0.375 


(10.29) (9.53) 


Tolerance: +0.005 in (+0.13 mm). 


>Tolerance: +0.31 in (£0.79 mm). 


Ferrule Rejection Overall Rejection 
Length® Length? Length? — Diameter? 


D E F 
0.375 0.125 1.500 0.250 
(9.53) (3.18) (38.10) (6.35) 


Figure 5-9—Class CC fuse dimensions 
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CLASS R FUSES CLASS R FUSES — FERRULE TYPE REJECTION 
FERRULE TYPE 0-60 A GROOVE DETAILS 
A———* 0.031 INCH R 


+C>| 
|< k >| 
SB1275 
KNIFE-BLADE TYPE CARTRIDGE FUSE — NOTE A — SOLID LINE INDICATES LOCATION, 
61-600 A SHAPE AND DIMENSIONS FOR MINIMUM 
<<! a,——— >| REJECTION GROOVE. 


< J ~~ 

NOTE B — DASHED LINE INDICATES LOCATION, 
- SHAPE AND DIMENSIONS FOR MAXIMUM 
REJECTION GROOVE 


<C> | 1 «Cm 
>iK 
i 
\ 
| SI | is) f 
\ 
Lm 


CAP” (sce Note) [*Hy*H 


6° MAXIMUM 


DIMENSIONS OF BLADE-TYPE CLASS R FUSES IN INCHES (MM) 


Maximum dimensions 


Rating over projections 


Minimum | Minimum 
distance from| maximum [Distance of| 
[Thickness| M d midpoint of | overall | rejection 

bearer fuse to length of | feature . 

at right nearest live | cylindrical | from end‘ 


aneles 10 part body‘ 


Width of 
rejection 
feature® 


Overall) Minimum 


ceneth, Hength of of blade Measured 


|Amperes parallel to 
blade 


rejection 
feature 


5.875 | 1.000 0.750 : 1.031  |3.376-3.781] 0.500 | 0281 | 0.250 
149.22] (25.40) (19.05) 5 (26.19) (85.72- | (12.70) | (7.14) | ©.38) 
96.04) 


101-200] 7.125 | 1.375 1.125 ; 1.188 |4.125-4.281] 0.688 | 0.281 | 0.438 
(180.98) (34.92) (26.58) ‘ (30.18) | (104.78- | (17.48) | (7.14) | (11.13) 
108.74) 


201-400) 8.625 | 1.875 1.625 : 1.188  |4.625-4.813 0.938 | 0406 | 0.625 
(219.08) (47.62) (41.28) 30.5 (30.18) | (117.48- | (22.83) | (10.31) | (15.68) 
122.25) 


401-600] 10.375] 2.250 2.000 : 1.531 |5.188-5.813} 1.125 | 0.531 | 0.750 
(263.52) (57.15) (50.80) 36: (38.69) | (131.78- | (28.68) | (13.49) | (19.06) 
147.55) 


7.875 | 1.000 0.750 . 1.750 |5.375-5.781] 0.500 | 0281 | 0.250 
(200.02)) (25.40) (19.05) ; (44.45) | (13652- | (12.70) | (7.14) | (635) 
146.84) 


101-200] 9.625 | 1.375 1.125 : 2.250 |6.125-6.781| 0.688 | 0.281 | 0.438 
(244.48)| (34.92) (28.58) : (57.15) | (155.58- | (17.48) | (7.14) | (11.13) 
172.24) 


201-400) 11.625] 1.875 : 1.625 ; 2.500  |7.125-7.831] 0.938 | 0.406 | 0.625 
(295.28)) (47.62) 35) |(41.28) ; (63.50) | (180.98- | (23.83) | (10.31) | (15.88) 
198.90) 


401-600] 13. 2.250 : 2.000 : 2.688 |8.188-8.844 1.125 | 0.531 | 0.750 
(57.15) 35) |(50.80) i (68.28) | (207.98- | (28.58) | (13.49) | (19.05) 
224.64) 


®Tolerances: 61-200 A, +0.062 in (+1.57 mm); 201-600 A, +0.094 in (+2.39 mm). 

>The length of one blade shall not be more than 0.062 in (1.57 mm) longer than the other blade. 

©Column E tolerance: +.003 in (0.08 mm). 

‘Column F tolerance: +0.035 in (0.89 mm). 

°The length of the cylindrical body may be less than the indicated value if other acceptable interference means (pins through the blades, collars, 
or the like) are provided to prevent mounting the fuse in a fuseholder that will accomodate a fuse rated in the next lower bracket of current rating. 
‘Column K tolerance: +0.008 in (+0.20 mm). 

®Column L tolerance: —0.005, +0.025 in (0.13, +0.64 mm). Dimension is diameter of slot at semicircle. Maximum rounding of corner at end of 
slot 0.125 in (3.18 mm) radius. 

hColumn N tolerance: +0.031 in (+0.79 mm). 


Figure 5-10—Class R fuse dimensions 
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DIMENSIONS OF FERRULE-TYPE CLASS R FUSES IN INCHES (MM) 


Minimum-  /yyjaximum : 
maximum width | Maximum 
depth of 
rejection 
feature 


Rating . . naan 
Maximum ae ‘ Distance of Minimum 
Overall outside Minimum Outside rejection width of 


diamter of length of | diameter of feature from rejection 


length of toward 


end 


a 
Volts |Amperes| fuse tube ferrule ferrule end® feature@ 


2.000 0.531 0.562 0.085-0.130 
(50.80) | (13.49) (14.27) (2.16-3.30) 


3.000 0.781 0.812 0.085-0.130 
(72.60) | (19.84) (20.62) (2.16-3.30) 


5.000 0.781 0.812 0.085-0.130 
(127.00) | (19.84) (20.62) (2.16-3.30) 


5.500 1.031 1.062 0.085-0.130 
(139.70) | (26.19) (26.97) (2.16-3.30) 


*Column A tolerance: +0.031 in (t0.79 mm). 
bColumn D tolerance: +0.008 in (+0.20 mm). To provide proper contact, the diameter of rejection ferrule end shall be equal to or not more than 
0.050 in (1.27 mm) smaller than actual diameter of main contact area for any fuse, and no part of rejection ferrule end shall protrude beyond the 
diameter of the main part of the ferrule. 
©Column K tolerance: +0.008, —0.016 in (+0.20, —0.41 mm). 

Dimension column L: Distance between centers of 0.031 in (0.79 mm) radius fillets. Shape of rejection groove is not specified but shall be com- 
pletely within solid and dashed lines regardless of shape. 


Figure 5-10—Class R fuse dimensions (continued) 


5.5 Typical interrupting ratings 


Interrupting ratings of low-voltage fuses expressed in rms symmetrical amperes are as 
follows: 


Typical interrupting rating 
(kA) 


Class H 10 


Class K 50, 100, or 200 


Class RK-1 and Class RK-5 200 


Class J, Class CC, Class T, and Class L | 200 


Class G 100 


Plug fuses 10 


Some fuses that meet the dimensional and performance requirements of Class RK-1, Class J, 
and Class L fuses have been listed or certified as “special purpose” with interrupting ratings 
of 300 000 A. 
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5.6 Achieving selectivity with fuses 
5.6.1 Basic considerations 


Because the electrical distribution system is the heart of most industrial, commercial, and 
institutional installations, preventing any unnecessary shutdowns of electrical power is 
imperative. Such incidents can be avoided by the proper selection of overcurrent protective 
devices. Selectivity (often referred to as selective coordination) is obtained when a minimum 
amount of equipment is removed from service for isolation of an overcurrent condition. 
Figure 5-11 shows a selective system. Figure 5-12 illustrates the general principle by which 
current-limiting fuses coordinate for any value of short-circuit current sufficient for them to 
operate in the current-limiting mode. For selectivity, the total clearing It of Fuse B should be 
less than the minimum melting Pt of Fuse A. In low-voltage fuse applications, coordination 
may sometimes be determined through the use of selectivity ratio tables (see 5.6.3). 


}«—— DOES NOT OPEN 


Wb 
VY 


p#—— DOES NOT OPEN 


a an 


I} DOES NOT OPEN 


Pritt 


#—— DOES NOT OPEN 


te 


ka ONLY THIS DEVICE 
OPENS 


>— FAULT 


Figure 5-11—Selective operation of overcurrent protective devices 


5.6.2 Time-current characteristic (TCC) curves 


TCC curves of fuses show the relationship between various overcurrrent values and their 
respective opening times. They are plotted on transparent log-log paper so they may be easily 
traced. The current values are normally represented on the abscissa (or bottom of the curve). 
The time values are shown on the ordinate (or vertical side) and may represent the minimum 
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melting time, average melting time, or total clearing time, as specified on the curve. The 
average melting time is assumed to be represented unless otherwise stated. It represents an 
opening characteristic having a maximum tolerance of +15% in current for any given time. 
Thus the —15% boundary represents the minimum melting characteristic, and the +15% 
boundary usually represents the total clearing time. For times greater than 0.1s, the 
maximum melting time is essentially the same as the total clearing time. For times less than 
0.01 s, the arcing time may be equal to or greater than the maximum melting time. In these 
short periods, the Pt (or fault energy) becomes of increasing importance. The curves in 
Figure 5-13 and Figure 5-14 show the average melting time characteristics for RK-5 time- 
delay fuses (30-600 A) and Class L current-limiting fuses (800-6000 A), respectively. 


AVAILABLE 
SHORT-CIRCUIT 
CURRENT 


| MELTING 
ENERGY / 
4 ‘4 
FUSE A | 
LINESIDE Bullard 
LOAD SIDE is 
¢ TOTAL 
CLEARING 
FUSES ENERGY FUSE B 
| LIMITS CURRENT 
FAULT é 
>| te le 


*INDICATES, BUT DOES NOT EQUAL ENERGY 


Figure 5-12—Selectivity of current-limiting fuses 


5.6.3 Selectivity ratio tables 


Table 5-1 shows a typical selectivity schedule for various combinations of fuses. This sched- 
ule is general and is different for each fuse manufacturer. Specific data are available from the 
fuse manufacturers. An example of using Table 5-1 is found in Figure 5-15, where a 1200 A 
Class L fuse is to be selectively coordinated with a 400 A Class J current-limiting fuse. 


Selectivity schedules or tables are used as a simple check for selectivity, assuming that identi- 
cal or reduced fault currents flow through the circuits in descending order, that is, from main, 
to feeder, to branch. Where closer fuse sizing than indicated is desired, the fuse manufacturer 
should be consulted as the ratios may be reduced for lower values of short-circuit current. A 
coordination study may be desired when the simple check as outlined is not sufficient and can 
be accomplished by plotting fuse TCC curves on standard log-log graph paper. If fuse ratios 
for high- or medium-voltage fuses to low-voltage fuses are not available, it is recommended 
that the fuse curves in question be plotted on log-log paper. Also, fuse ratios cannot be used 
with fuses at different voltages or from different manufacturers. Fuse manufacturers can fur- 
nish selectivity tables showing actual ampere ratings. 
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RMS SYMMETRICAL CURRENT IN AMPERES 
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NOTE: FOR ILLUSTRATION PURPOSES ONLY. REFER TO FUSE MANUFACTURER FOR SPECIFIC AND UP-TO-DATE DATA. 


Figure 5-13—Time-delay fuses, Class RK-5 
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AVERAGE MELTING TIME IN SECONDS 
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RMS SYMMETRICAL CURRENT IN AMPERES X10 
AVERAGE TIME — CURRENT CHARACTERISTIC CURVE 


NOTE: FOR ILLUSTRATION PURPOSES ONLY. REFER TO FUSE MANUFACTURER FOR SPECIFIC AND UP-TO-DATE DATA. 
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Figure 5-14—Current-limiting fuse, Class L 
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Table 5-1—Typical selectivity schedule® for low voltage fuses 


Load side 


7 ‘ Class L Class K5 Class J 

Line side fuse ae KI ee J time-delay | time-delay ries G 
601- | 600A | O-G00A sho fuse 0-60 A 
6000 A a 0-600 A 0-600 A + 
Class L fuse 


601-6000 A 


Class K1 fuse 
0-600 A 


Class J fuse 
0-600 A 


Class K5 time- 
delay current- 
limiting fuse 
0-600 A 

Class J time- 
delay fuse 
0-600 A 


NOTE —For illustration only. Refer to fuse manufacturer for specific and up-to-date data. 


*Exact ratios vary with ampere ratings, system voltage, and short-circuit current. 


NOTE—At short-circuit power factors greater than 15%, peak and equivalent rms let-through currents 
are less than the values that can be determined from a let-through chart. However, no acceptable method 
has been developed to determine these lower values. Therefore, the line with a slope of 2.3 may not be 
moved to the right or left to account for power factors other than 15%. These charts then provide worst 
case values for power factors of 15% or greater. 


5.6.4 Example selectivity study 


A typical example showing selectivity between a high-voltage and a low-voltage fuse using 
this graphic analysis is shown in Figure 5-16. The total clearing curve of the 1200 A low- 
voltage fuse and the minimum melting curve of the 125E-rated 5 kV fuse are separated by 
clear space and thus are said to be selective. The curves are referred to 240 V because this 
study is of secondary faults. 


5.7 Current-limiting characteristics 


Due to the speed of response to short-circuit currents, current-limiting fuses have the ability 
to cut off the current before it reaches its full prospective short-circuit value. Figure 5-1, 
Figure 5-2, and Figure 5-12 show the current-limiting action of fuses. The available short- 
circuit current would flow if no fuse were in the circuit or if a noncurrent-limiting protective 
device were in the circuit. In its current-limiting range, a current-limiting fuse limits the peak 
current to a value less than the available value; opens in 0.5 cycle or less in its current- 
limiting range; and, therefore, lets through only a portion of the available short-circuit energy. 
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7 
1200 A CLASS L 


TIME DELAY 
FUSE 


LINE SIDE 
LOAD SIDE 


O 


400 A CLASS J 


CURRENT LIMITING 
FUSE 


CURRENT RATING RATIO = 1200/400 = 3/1 
MINIMUM RATE FOR COORDINATION = 2/1 


oO 


NOTE: CHECK SPECIFIC MANUFACTURER FOR EXACT DATE 


Figure 5-15—Typical application of selective coordination (see Table 5-1) 


The degree of current limitation is usually represented in the form of peak let-through current 
charts. 


5.7.1 Peak let-through current charts 


Peak let-through current charts (sometimes referred to as current-limiting effect curves) are 
useful for determining the degree of short-circuit protection that a current-limiting fuse 
provides to the equipment beyond it. These charts show fuse peak let-through current as a 
function of available symmetrical rms current, as shown in Figure 5-17. The straight line 
running from the lower left to the upper right shows a 2.3 relationship (based on a 15% power 
factor; see UL 248-1-2000 and CSA C22.2 No. 248-1-2000) between the peak current that 
would occur without a current-limiting devise in the circuit and the available symmetrical 
rms current. Peak let-through current and apparent equivalent rms let-through current can be 
determined from the let-through current charts and are useful in relating to equipment 
withstandability. 


Let-through data may be compared to short-circuit ratings of the fixed components that are 
static and have a time rating of 0.5 cycle or longer at a test circuit power factor of 15% or 
greater. Examples include wire, cable, and bus. An example showing the application of the 
let-through current charts is represented in Figure 5-18, where the load-side component is 
protected by an 800 A current-limiting fuse. 


Example: Determine the fuse let-through current values with 40 000 A rms symmetrical 
available at the line side of the fuse. Enter the let-through current chart of Figure 5-17 at an 
available current of 40 000 A rms symmetrical, and find a fuse peak let-through current of 
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Figure 5-16—Typical coordination study of primary and secondary fuses 
showing selective system 


38 000 A and an effective rms current of 16 500 A. The clearing time is less than 0.5 cycle. 
The load-side circuit components is not subjected to an Pt duty greater than the total clearing 
let-through Pt of the fuse. 


Magnetic forces vary with the square of the peak current /, o and can be severe. These forces 
can be reduced considerably when current-limiting fuses are used. 
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Figure 5-17—Typical 60 Hz peak let-through current as a function of 
available rms symmetrical current (15% power factor) 
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Figure 5-18—Example for applying fuse let-through charts 
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5.7.2 Maximum clearing /2t 


Pt is a measure of the energy that a fuse lets through while clearing a fault. Every piece of 
electrical equipment is limited in its capability to withstand energy. The equipment Pt with- 
stand rating can be compared with maximum clearing Pt values for fuses. These maximum 
clearing Pt values are available from fuse manufacturers. 


5.8 Special applications for low-voltage fuses 
5.8.1 Bus-bracing requirements 


Reduced bus-bracing requirements may be attained when current-limiting fuses are used. 
Figure 5-19 shows an 800 A motor-control center being protected by 800 A Class L fuses. 
The maximum available fault current to the motor-control center is 40 000 A rms symmetri- 
cal. If a noncurrent-limiting device were used ahead of the motor-control center, the bracing 
requirement would be a minimum of 40000A rms symmetrical, with a peak value of 
92 000 A (2.3 x 40 000 A). For this example with current-limiting fuses, the maximum peak 
current has been reduced from 92 kA to 38 kA with a corresponding reduction in effective 
rms available current from 40 kA to 16.5 kA. As a result, bus bracing of 16.5 kA or greater is 
possible rather than requiring the full 40 kA bracing. Most bus is now listed for maximum 
short-circuit currents with specific types and sizes of current-limiting fuses. The bus manu- 
facturer should be consulted for these specific combination ratings. 


40 000 A AVAILABLE 
RMS SYMMETRICAL 
CURRENT 


800 A FUSE 
CLASS L FUSE 


800 A MOTOR 
CONROL CENTER BUS 


BRACING NEEDED = 16.5 kA 
EFFECTIVE RMS OR 38 kA PEAK AMPS 


Figure 5-19—Example for determining bus-bracing requirements of 
800 A motor-control center 
5.8.2 Circuit breaker protection 


Molded case, insulated case, and power circuit breakers protected by current-limiting fuses 
may be applied in circuits where the available short-circuit current exceeds the interrupting 
rating of the circuit breakers alone. The short-circuit interrupting rating for older style 
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nondynamic impedance circuit breakers can be compared to fuse let-through current values 
to determine the degree of protection provided. Using present methods, engineering protec- 
tion for modern circuit breakers exhibiting dynamic impedance through the use of repulsion 
(or blow-apart) contacts is not possible. 


However, nationally recognized testing laboratories have developed a set of tests that do 
establish that a particular fuse and circuit breaker combination will successfully clear a fault. 
These successful combinations are given a series rating and are typically published in recog- 
nized component directories. These recognized combinations should be specified for use in 
load centers, panelboards, and switchboards that have been tested, listed, and marked for their 
use. The circuit breaker and fuse manufacturers should be consulted for proper applications. 


An example of applying fuses to protect molded-case circuit breakers is given in Figure 5-20, 
where an older 225 A lighting panel has circuit breakers with an interrupting rating of 
14000 A rms symmetrical. The available fault current at the line side of the lighting panel 
is 40 000 A rms symmetrical. A 400 A RK-1 fuse would reduce the current at the circuit 
breakers to an effective 8000 A rms available. With this significant level of current limitation 
by the fuse ahead of the circuit breaker, the circuit breaker will interrupt an effectively lower 
short circuit that is within its interrupting rating. 


40 000 A AVAILABLE 
RMS SYMMETRICAL 
CURRENT 

480 V, 3-PHASE 1 
4-WIRE-SYSTEM 


400 A CLASS RK1 FUSE 


LIGHTING PANEL (8000 A LET-THROUGH) 


20A 
) ? ) ) ) ) aN 


OLD NON-DYNAMIC IMPEDANCE MOLDED-CASE CIRCUIT 
BREAKERS WITH INTERRUPTING RATINGS OF 14 000 A. 


WARNING — The use of circuit breakers with repulsion contact designs must be limited to systems 
listed for the fuse/circuit breaker combination. 


Figure 5-20—Application of fuses to protect molded-case circuit breakers 


5.8.3 Wire and cable protection 


Fuses should be sized for conductor protection according to the NEC. When noncurrent- 
limiting overcurrent protective devices are used, reference should be made to the insulated 
cable thermal damage charts for short-circuit withstands of copper and aluminum cable in 
ICEA P-32-382-1999. (Also, see Chapter 9.) 
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When current-limiting fuses are used, small conductors are protected from high-magnitude 
short-circuit currents even though the fuse may be 300% to 400% of the conductor ampacity 
rating as allowed by the NEC for nontime-delay fuses for motor branch circuit protection. 


5.8.4 Motor starter short-circuit protection 


UL tests motor starters under short-circuit conditions (see UL 508-1999). The short-circuit 
test performed may be used to establish a withstand rating for motor starters. UL tests motor 
starters of 50 hp 37 kW and under with a minimum of 5000 A of available short-circuit cur- 
rent. Starters over 50 hp 37 kW in size are tested in similar fashion, except with greater avail- 
able fault currents. 


When applying motor starters in systems with high available fault currents, current-limiting 
fuses are often used to reduce the let-through energy to a value within the withstand of the 
motor starter. The motor starter manufacturer should be contacted for proper applications. 


Figure 5-21 is a typical one-line diagram of a motor circuit, where the available short-circuit 
current has been calculated to be 40 000 A rms symmetrical at the motor-control center and 
the fuses are to be selected so that short-circuit protection is provided. The fuse selected 
should limit the fault current to within the withstand rating of the motor starter. In this case 
the starter has been investigated and found acceptable for fault levels through 100 000 A 
when protected by Class J fuses. IEC 60947-4-1 describes two types of motor controller pro- 
tection in terms of the extent of damage to which the motor controller is subjected during a 
short circuit. Type | is similar to the requirements for listing in UL 508-1999, but the control- 
ler may still need to be replaced because of the significant amount of damage allowed. Type 2 
is much more restrictive and allows no permanent damage to the controller. Many motor con- 
troller manufacturers have had UL verify their controllers with Class J, Class RK-1, and 
Class CC fuses for Type 2 protection in compliance with IEC 60947-4-1.The motor control- 
ler manufacturers or fuse manufacturers should be consulted for lists of specific fuses to use 
with specific controllers. 


5.8.5 Transformer protection 


Low-voltage distribution transformers are often equipped on the primary side (above 600 V) 
with medium-voltage fuses sized for short-circuit protection. Transformer overload protec- 
tion may be provided by fusing the low-voltage secondary with appropriate fuses sized at 
100% to 125% of the transformer secondary full-load amperes. Figure 5-22 shows a proper 
size of low-voltage fuse for a 1000 kVA transformer to provide overload protection. 


Transformers are frequently used in low-voltage electrical distribution systems to transform 
480 V to 208Y/120 V. For these types of transformers, appropriate time-delay fuses should 
be provided, sized at 100% to 125% of the primary full-load current. Consideration should be 
given to the magnetizing inrush current because dry- and liquid-immersed transformers have 
inrush currents equivalent to about 12, or even as high as 18, times full-load rating with a 
duration of 0.1 s (also about 20 to 25 times rating for 0.01 s). 
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Figure 5-21 —Application of fuses to provide short-circuit protection and 
backup protection for motor starters 


oO 


13.2kV Y one 


1000 kVA, 208 Y/120 V, 
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FULL LOAD J 
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Figure 5-22—Sizing of low-voltage fuses for transformer secondary 
protection 


Inrush currents can be easily checked against the minimum melting curve so that needless 
opening may be avoided. If necessary, a larger size time-delay fuse may need to be selected. 
Figure 5-23 shows a 225 kVA lighting transformer with time-delay fuses. See Chapter 11 for 
transformer protection. 
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Figure 5-23 —Application of time-delay fuses for transformer protection 


5.8.6 Motor overcurrent protection 


Single- and three-phase motors can be protected by specifying time-delay fuses for motor- 
running overload protection according to the NEC. These ratings depend on service factor, 
temperature rise, and application (e.g., jogging). Where motor overload relays are used in 
motor starters, a larger size time-delay fuse may be used to coordinate with the motor over- 
load relays and provide short-circuit protection. 


Combination motor starters that employ overload relays sized for motor-running protection 
(maximum of 115% for 1.0 service factor and 125% for 1.15 service factor) can incorporate 
time-delay fuses sized at 115% (1.0 service factor) or 125% (1.15 service factor) or the next 
larger size to serve as backup protection. (Larger time-delay fuses, sized up to 175%, may be 
used for branch circuit protection only.) A combination motor starter with backup fuses pro- 
vides excellent protection, motor control, and flexibility. Figure 5-24 illustrates the use of 
fuses for protection of a typical motor circuit. 


When motors are operated near full-load, single-phasing protection may be provided by time- 
delay fuses sized at approximately 125% of the motor full-load current. Loss of one phase, 
either primary or secondary, results in an increase in the line current to the motor. This 
change is sensed by the motor fuses because they are sized at 125%, and the single-phasing 
current opens the fuses. If the motors are operated at less than full load, the overload relays 
and time-delay fuses should be sized to the actual running amperes of the motor. For exam- 
ple, if a motor with a full-load rating of 10 A is being used in a situation where it is drawing 
only 8 A, the time-delay fuses should be sized at 10 A instead of 12 A. Another option is to 
utilize antisingle-phasing motor overload relays. 
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TIME-DELAY FUSES 
SIZED AT 125% OF 
FULL-LOAD CURRENT 
OR NEXT LARGER 
SIZE 


OVERLOAD RELAY 
SIZED 115-125% 


100% FULL-LOAD CURRENT 
1.15 S.F. 


Figure 5-24—Application of time-delay fuses for typical motor circuit 


5.8.7 DC applications 


Most dc systems require some form of overcurrent and/or short-circuit protection (see 
Brozek). These systems include dc motor drives and controllers, semiconductor components, 
telecommunication switching stations (both power and signal), electrical relay and control 
circuits for medium-voltage circuit breakers, and transit substations. Battery-powered appli- 
cations from automobiles and factory warehouse vehicles to more sophisticated loads such as 
uninterruptible power supply (UPS, or battery backup) systems also require dc overcurrent 
protection. As with any fuse selection, the three elements of system voltage, normal load cur- 
rent, and available short-circuit current should be considered. For proper application, the 
fuse’s ratings should equal or exceed the system parameters. The user should always obtain 
the proper dc data from the manufacturer. 


Furthermore, the manufacturer’s dc test data may not necessarily apply to the dc system at 
hand. Factors including circuit time constant, voltage, and available short-circuit current may 
preclude the use of certain dc-rated fuses. 


A common misconception is that all published ac fuse data may be used for those same fuses 
on dc systems. Time-current curves that predict a fuse’s opening time under overload condi- 
tions can be used for ac and sometimes dc current. These curves are typically based on rms 
current, which is thermally equivalent to de current. However, dc applications have an added 
twist in that the time constant of the system should also be considered. The dc time constant 
affects the melting and clearing time of the fuse under overload and short-circuit conditions. 
The net result is typically a lower voltage rating for the fuse. For a better understanding of 
how fuses are rated for dc, see UL 198L-1995. 


5.8.7.1 UL 198L-1995 


UL 198L-1995 defines the requirements and test procedures for dc-rated fuses for industrial 
use in accordance with the NEC. Fuses that are tested to UL 198L-1995 should first meet the 
requirements of their respective ac standard. 
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5.8.7.2 Overload test 


Fuse selection for the overload test is based on internal construction and case size (see 
UL 198L-1995). The largest ampere rating for each internal design and/or case size is sam- 
pled. These fuses should open a circuit adjusted to obtain 200% of the current rating at rated 
dc voltage. For fuses with current ratings greater than 600 A, the test circuit can deliver 200% 
to 300% of the current rating at rated dc voltage. The time constant for this test cannot be less 
than the value given by 


03 
I 
_———— 5-1 
5 (5-1) 
where 
T is the time constant (ms), 
I is the test current (A). 


The time constant is the time required for the current to reach 63.2% of the test current and is 
shown in Figure 5-25. 


TIME 
CONSTANT 


CURRENT | | 


| I 
i 
TIME | 
VOLTAGE 1/ 


Figure 5-25—Time constant for dc circuits per UL 198L-1995 


Additionally, fuses marked with “D,” “time delay,’ “dual element” or similar designations 
and in compliance with time-delay fuse requirements are to be tested on a circuit adjusted to 
900% of the fuse rating at rated dc voltage. (This test is not required for Class L fuses.) For 
both the 200% and 900% test, the test voltage is maintained for | min after circuit 
interruption to insure that the fuse has permanently cleared the circuit. To pass the test, the 
fuse casing cannot char or rupture, and external solder connections cannot melt. The time 
required for the fuse to clear is not specified. 


5.8.7.3 Interrupting ability test 


To establish the short-circuit interrupting rating, fuses are tested at one of the following dc 
voltage levels: 60 V, 125 V, 160 V, 250 V, 300 V, 400 V, 500 V, or 600 V (see UL 198L- 
1995). A Class H fuse has a maximum dc interrupting rating of 10 000 A. All other classes 
rated 600 A or less have maximum dc interrupting ratings of 10 000 A, 20 000 A, 50 000 A, 
or 100 000 A. Class L and Class T fuses greater than 600 A have maximum interrupting 
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ratings of 20 000 A, 50 000 A, or 100 000 A. The time constant for these heavy short-circuit 
tests cannot be less than 10 ms. As in the overload test, the largest ampere rating for each 
internal design and/or case size is sampled. To pass, the fuse should remain intact and 
permanently clear the circuit. The overall length of the cylindrical portion of the fuse cannot 
be deformed more than 3.2 mm, and molten solder cannot be emitted. After interruption, the 
recovery voltage is continuously applied for 30s to ensure that the fuse has become 
quiescent. Evidence of smoking, unusual heating, or internal arcing during this period is 
unacceptable. When the interrupting ability test is conducted above 10 000 A, the peak let- 
through current and clearing Pt cannot exceed the established ac values for the respective 
fuse class. DC listed Class L fuses have a minimum interrupting rating of 20 kA. However, 
UL 248-10-2000 and CSA C22.2 No. 248.10-2000 have 50 kA as the lowest fault level for 
which maximum clearing Pt and I peak are defined. Table 5-2 indicates these values for 
50 kA available short-circuit current. 


Table 5-2—Short-circuit values for Class L fuses 


Amperage range Clearing [tx 10°? 


601-800 


801-1200 


1201-1600 


1601-2000 


"Units are rms amperes~seconds x 10° 
‘Units are peak amperes x 10 


Maximum values taken from various fuse classes are shown in Table 5-3. The clearing values 
shown in Table 5-2 and Table 5-3 are the maximum allowable to meet UL 198L-1995. Actual 
values of clearing Pt and Ip may be much less than the maximums and can be obtained from 
the fuse manufacturer. 


5.8.7.4 Maximum energy test 


The final short-circuit test for fuse types with interrupting ratings greater than 10 000 A is the 
maximum energy test (see UL 198L-1995). These fuses should interrupt short-circuit current 
of at least 10 000 A and limit the peak let-through current to 60% to 80% of the peak avail- 
able. The largest amperage size of each fuse case size is sampled. Before testing, fuses are 
preconditioned in a high-humidity environment for 5 days. 


Fuses listed to UL 198L-1995 typically are rated at a dc voltage level lower than the ac rating. 
The lower voltage rating is a direct result of the time constant requirement within the 
standard. 
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Table 5-3—Maximum clearing /tand Ip for various fuse classes: 
available short-circuit current between threshold and 50 kA rms 


Amperage 
range 


0-20 


Class CC 


Class J 


Class RK5 


Clearin 
FPtx 10°? 


Ip x 10°» 


Clearin 
FPtx 10°? 


Ip x 10°» 


Clearin: 
Ptx 10°? 


50 


Ip x 10°» 


21-30 


50 


31-60 


200 


61-100 


500 


101-200 


1600 


210-400 


5000 


401-600 


10 000 


601-800 


801-1200 


Amperage 
range 


0-20 


Class 


Class T (600 V) 


Class T (300 V) 


Clearin 
Ptx 10°? 


10 


Clearin 
Ptx 10°? 


Ip x 10°» 


Clearin: 
Ptx 10°? 


Ip x 10°» 


21-30 


10 


31-60 


40 


61-100 


100 


101-200 


400 


210-400 


1200 


1000 


401-600 


3000 


2500 


601-800 


4000 


801-1200 


‘Units are rms amperes“secondsx 10 
‘Units are peak amps x 10 


5.8.7.5 Mine duty fuses 


UL 198M-1995 is an additional procedure to list Class K and Class R fuses intended for use 
in protecting trailing cables in dc circuits in mines. The standard follows MSHA require- 
ments. Fuses tested to UL 198M-1995 should first comply with their respective ac standard. 
The dc voltage ratings for UL 198M-1995 are 300 V or 600 V. The largest ampere rating for 
each internal design and/or case size is sampled after temperature and humidity conditioning. 
The overload and short-circuit requirements are given in Table 5-4. 


The minimum time constants for this test are shown in Table 5-5. The time constants required 
for UL 198M-1995 are greater than the time constants in UL 198L-1995. Fuses are tested 
both in open fuse clips and in trolley-tap fuseholders. After the fuse interrupts the circuit, the 
test voltage is applied for 30 s. Performance is acceptable if the fuse clears without excessive 


smoking or excessive venting of gases. 
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Table 5-4—Tests of fuses 


200% clearing at rated voltage* 


300% clearing at rated voltage? 


900% overload at rated voltage 


Interrupting ability at 10 000 A 


Interrupting ability at 20 000 A 


Source: UL 198M-1995. 


*For fuses with a rating 200 A or less 
>For fuses with a rating greater than 200 A 


Table 5-5— Circuit time constants 


Test current Time constant 
(A) (ms) 


0-99 


100-999 


1000-9999 


+10 000 


Superficial damage to the fuse is allowable, that is, a maximum of 1.588 mm hole in any 
metal part of fuse or a maximum of one 3.175 mm opening in any nonmetal part of the fuse. 
Restrike is allowable within 30 ms of initial current interruption. If a restrike occurs, the test 
voltage is again applied for 30 s, and no further restriking is allowable. Fuses tested in the 
trolley tap fuseholder cannot damage the fuseholder. UL 198M-1995 does not specify peak 
allowable let-through current or maximum Pt values. It is exceedingly difficult for fuses to 
just survive this test because of the voltage constraints and relatively long time constants. For 
a better understanding of how these parameters affect the fuse, an explanation of circuit time 
constant is given in 5.8.7.6. 
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5.8.7.6 DC time constant 


The circuit time constant is the time required for the current to reach 63.2% of the peak cur- 
rent and may be stated as 


I = (1-e')I, (5-2) 
where 

I is current at one time constant, 

Ip is maximum peak current. 


The time constant can be calculated by taking the ratio of inductance to resistance L/R in the 
circuit. In simple terms, magnetic energy is stored in the inductance (in henrys) and opposes 
any change in current. The relationship between energy and inductance is shown in 
Equation (5-3). 


U = (5)e? (5-3) 
where 

U is magnetic energy, 

L is inductance, 

i is current. 


For a circuit with a given resistance, a large inductance causes a slow rate of current rise, and 
negligible inductance has a fast current rise. The maximum value to which the current rises is 
limited by the circuit resistance. As a rule of thumb, fuses applied at rated voltage on de cir- 
cuits, having time constants less than 2 ms, have short-circuit melting and clearing 
characteristics similar to fuses applied on ac circuits with short-circuit power factors of 15% 
or greater. This assumption can be made because the current rise time di/dt is comparable. 


5.8.7.7 DC voltage ratings 


To meet the requirements in UL 198L-1995 or UL 198M-1995, the dc voltage ratings of 
industrial power fuses are typically derated to about one half of the ac voltage rating. The 
voltage derating decreases the arcing time needed to equalize to the system voltage, decreases 
the arcing Pt, and maintains clearing Pt to below the allowable levels. Semiconductor fuses 
that are designed primarily for dc systems typically have voltage derating charts for a given 
time constant. One manufacturer’s voltage derating table is shown in Table 5-6. 


For most battery protection applications, fuse operation is straightforward and reliable. 
Batteries contain little inductance and, as stated by one large UPS manufacturer, a shorted 
battery is similar to a fault through a resistor. A shorted battery drains rapidly and gives rise to 
high di/dt. Fuses listed to UL 198L-1995 (and certainly UL 198M-1995) are generally 
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Table 5-6— Voltage derating vs time constant® 


Percentage of rated voltage (rms) 


Time constant 
(L/R) ms 


700 V fuses 1000 V fuses 


*Based on fuse opening time of 25-300 ms 


applicable for UPS battery protection. Proper placement of the fuse in a battery circuit is 
beyond the scope of this recommended practice (see Nailen). For applications where 
inductive loads are present (e.g., in motors, solenoids, any other coil loads), the circuit time 
constant should be determined to ensure proper application of the fuse. By specifying fuses 
with a rated dc voltage beyond the system voltage, the user incorporates more leeway into the 
allowable time constants. If the dc voltage capability in a particular fuse application is 
uncertain, the fuse manufacturer should be consulted. 


5.9 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


CSA C22.2 No. 248.1-2000, Low Voltage Fuses —Part 1: General Requirements 2 
CSA C22.2 No. 248.2-2000, Low Voltage Fuses—Part 2: Class C Fuses. 

CSA C22.2 No. 248 .3-2000, Low Voltage Fuses —Part 3: Class CA and CB Fuses. 
CSA C22.2 No. 248 .4-2000, Low Voltage Fuses —Part 4: Class CC Fuses. 


CSA C22.2 No. 248 .5-2000, Low Voltage Fuses —Part 5: Class G Fuses. 


CSA C22.2 No. 248.6-2000, Low Voltage Fuses—Part 6: Class H Fuses, Nonrenewable. 


2CSA publications are available from the Canadian Standards Association (Standards Sales), 178 Rexdale Blvd., 
Etobicoke, Ontario, Canada M9W IR3 (http://www.csa.ca/). 
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CSA C22.2 No. 248.7-2000, Low Voltage Fuses— Part 7: Class H Fuses, Renewable. 
CSA C22.2 No. 248 .8-2000, Low Voltage Fuses — Part 8: Class J Fuses. 

CSA C22.2 No. 248.9-2000, Low Voltage Fuses —Part 9: Class K Fuses. 

CSA C22.2 No. 248.10-2000, Low Voltage Fuses— Part 10: Class L Fuses. 

CSA C22.2 No. 248.11-2000, Low Voltage Fuses— Part 11: Plug Fuses. 

CSA C22.2 No. 248.12-2000, Low Voltage Fuses— Part 12: Class R Fuses. 


CSA C22.2 No. 248.14-2000, Low Voltage Fuses— Part 14: Supplemental Fuses. 


CSA C22.2 No. 248.15-2000, Low Voltage Fuses— Part 15: Class T Fuses. 
ICEA P-32-382-1999, Short-Circuit Characteristics of Insulated Cable 3 


IEC 60947-4-1, Low-Voltage Switchgear and Controlgear, Part 4: Contactors and Motor- 
Starters, Section One—Electromechanical Contactors and Motor-Starters is 


NEMA FU 1-1986, Standard for Low-Voltage Cartridge Fuses 600 Volts or Less. 

NFPA 70-1999, National Electrical Code® (NEC®).° 

UL 198L-1995, Safety Standard for DC Fuses for Industrial Use.’ 

UL 198M-1995, Safety Standard for Mine-Duty Fuses. 

UL 248-1-2000, Safety Standards for Low Voltage Fuses—Part 1: General Requirements. 
UL 248-2-2000, Safety Standard for Class C Fuses. 

UL 248-3-2000, Safety Standard for Class CA and CB Fuses. 

UL 248-4-2000, Safety Standard for Class CC Fuses. 


3ICEA publications are available from ICEA, P.O. Box 20048, Minneapolis, MN 55420, USA (http://www.icea.org). 
‘TEC publications are available from the Sales Department of the International Electrotechnical Commission, Case 
Postale 131, 3, rue de Varembé, CH-1211, Genéve 20, Switzerland/Suisse (http://www.iec.ch/). IEC publications are 
also available in the United States from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA. 

S5NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 
80112, USA (http://global.ihs.com/). 

The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA 
(http://www.nfpa.org/). Copies are also available from the Institute of Electrical and Electronics Engineers, 445 
Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 

TUL standards are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 80112, 
USA (http://global ihs.com/). 
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UL 248-5-2000, Safety Standard for Class G Fuses. 

UL 248-6-2000, Safety Standard for Class H Nonrenewable Fuses. 
UL 248-7-2000, Safety Standard for Class H Renewable Fuses. 
UL 248-8-2000, Safety Standard for Class J Fuses. 

UL 249-9-2000, Safety Standard for Class K Fuses. 

UL 248-10-2000, Safety Standard for Class L Fuses. 

UL 248-11-2000, Safety Standard for Plug Fuses. 

UL 248-12-2000, Safety Standard for Class R Fuses. 

UL 248-14-2000, Fuses for Supplementary Overcurrent Protection. 
UL 248-15-2000, Safety Standard for Class T Fuses. 


UL 508-1999, Safety Standard for Industrial Control Equipment. 


5.10 Bibliography 


[B1] Brozek, J. P., “DC Overcurrent Protection— Where We Stand,’ IEEE Conference Paper, 
I&CPS 92-20 IEEE Log Number 9212380. 


[B2] IEEE 100, The Authoritative Dictionary of IEEE Standards Terms, Seventh Edition’ 


[B3] Nailen, R. L., “Battery Protection— Where Do We Stand?” IEEE Transactions, vol. 27, 
no. 4, pp. 658-667, Jul/Aug. 91. 


STEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 


168 Copyright © 2001 IEEE. All rights reserved. 


Chapter 6 
High-voltage fuses (1000 V through 169 kV) 


6.1 Definitions 


Except for definitions specifically referring to low-voltage fuses, the general discussion in 
5.1 and definitions in 5.2 apply to high-voltage fuses. In addition, the terms in 6.1.1 through 
6.1.10 apply to high-voltage fuses: 


6.1.1 applicable standards: Standards from the American National Standards Institute 
(ANSI) and Institute of Electrical and Electronics Engineers (IEEE) define high-voltage 
fuses as fuses rated above 1000 V. High-voltage fuses are available in voltages through 
169 kV maximum rating. ANSI C84.1-1989 [B1]! defines medium-voltage systems as having 
a nominal voltage greater than 1000 V and less than 100 000 V. High-voltage systems are 
defined as having a nominal voltage equal to or greater than 100 000 V and equal to or less 
than 230 000 V. High-voltage fuses are, therefore, used on both medium- and high-voltage 
systems up to their maximum voltage ratings. The following standards apply to high-voltage 
fuses: 

— IEEE Std C37.40-1993 

— __ IEEE Std C37.41-2000 

— ANSI C37.42-1996 

— ANSI C37.44-1981 

— ANSI C37.46-1981 

— ANSI C37.47-1981 

— IEEE Std C37.48-1987 

— ANSI C37.53.1-1989 


6.1.2 backup current-limiting fuse: A fuse capable of interrupting all currents from its max- 
imum rated interrupting current down to its rated minimum interrupting current. (IEEE 
Std C37.40-1993) The rated minimum interrupting current for backup current-limiting fuses 
may be obtained from the manufacturer. 


The backup current-limiting fuse requires another device in series (e.g., an expulsion fuse, a 
relayed-controlled motor contractor) capable of interrupting currents below its minimum 
interrupting current. The characteristics of both devices should be coordinated so that the 
series device and the backup current-limiting fuse protect each other at currents above or 
below their interrupting capabilities. 


6.1.3 current-limiting fuse: A fuse unit that, when its current-responsive element is melted 
by a current within the fuse’s specified current-limiting range, abruptly introduces a high 
resistance to reduce current magnitude and duration resulting in subsequent current interrup- 
tion. IEEE Std C37.40-1993) This fuse interrupts the circuit at a natural current zero for all 


‘Numbers in brackets correspond with the numbers in the bibliography in 6.6. 
7Information on references can be found in 6.5. 
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currents below the specified current-limiting range. However, the fuse interrupts in less than 
half a cycle in its current-limiting mode by producing a high arc voltage across its terminals. 
The specified current-limiting range normally occurs above approximately 25 times the rat- 
ing of the fuse and limits the let-through energy as well as the available peak current. 


6.1.4 expulsion fuse: A vented fuse (unit) in which the expulsion effect of the gases produced 
by internal arcing, either alone or aided by other mechanisms, results in current interruption. 
(IEEE Std C37.40-1993) Expulsion fuses interrupt the circuit at a natural current zero, 
without limiting the peak of the available fault current or the available energy. Expulsion 
fuses do not produce high arc voltages during fault interruption. 


6.1.5 full-range current-limiting fuse: A fuse capable of interrupting all currents from its 
rated interrupting current down to the minimum continuous current that causes melting of the 
fusible element(s), with the fuse applied at the maximum ambient temperature specified by 
the fuse manufacturer. (IEEE Std C37.40-1993) 


6.1.6 general purpose current-limiting fuse: A fuse capable of interrupting all currents 
from the rated interrupting current down to the current that causes melting of the fusible ele- 
ment in no less than | h. JEEE Std C37.40-1993) Care should be exercised to ensure that no 
circuit conditions exist to cause melting of the fusible element from a current less than the 
fuse’s 1 h melting current. 


6.1.7 174 (ampere-squared seconds) or let-through energy: In fuse terminology, a repre- 
sentation for energy because, for most cases, I "+ has approximately a linear relationship to 
energy. Current-limiting fuse manufacturers publish minimum-melting and maximum total- 
clearing J *t values for their products. In fuse application considerations where the user wants 
to minimize damage to protected equipment, a fuse with the lowest let-through / *t is gener- 
ally chosen. 


6.1.8 peak arc voltage: When a current-limiting fuse interrupts a current, a voltage that 
appears across its terminals during the arcing interval. For expulsion fuses, this voltage is 
normally substantially lower than the system voltage regardless of the fault current magni- 
tude and, therefore, is not a consideration in their application. However, when a current-limit- 
ing fuse is interrupting a current in its current-limiting mode, the voltage across the fuse 
exceeds the system voltage. However, modern current-limiting fuse elements, such as perfo- 
rated ribbon, hold the arc voltage to within the levels defined by standards. ANSI C37.46- 
1981 and ANSI C37.47-1981 specify the maximum for these voltages for current-limiting 
power fuses, and Table 6-1 shows these values. In some designs, the current-limiting fuse’s 
peak arc voltage is dependent on the system voltage. If such a fuse is applied in a system 
whose voltage is less than the fuse’s rated voltage, the peak arc voltage is lower than its pub- 
lished value. The manufacturer should be consulted for these peak arc voltages. 


The peak arc voltage resulting from the operation of current-limiting fuses should be 
considered when applying these fuses. The voltages are transitory. As such, they mimic other 
transient voltages such as those produced by lightning strokes or switching surges. Even 
though they exceed the nominal system voltage, the voltages typically are within normal 
equipment voltage withstand levels. Experience has shown that current-limiting fuses can be 


170 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
HIGH VOLTAGE FUSES (1000 V THROUGH 169 KV) Std 242-2001 


Table 6-1 —Maximum permissible overvoltages for 
current-limiting power fuses 


Maximum peak overvoltages (kV, crest) 


Rated maximum voltage 
(kV, rms) 


0.5A to12A Over 12A 


used with other equipment on the electric power distribution systems, such as metal oxide 
varistor or silicon carbide surge arresters. See 6.4.2.6 for further discussion of current- 
limiting fuses and peak arc voltage. 


6.1.9 peak let-through current: For expulsion fuses, the prospective peak value of current 
based on the fault impedance of that system. For a current-limiting fuse, the same definition 
is true for all currents below its specified current-limiting range. However, in the specified 
current-limiting range, the fuse limits the peak value of the available fault current to a lower 
value depending on the fuse size. 


The mechanical forces in a system are proportional to the square of the peak current, hence, 
the peak let-through current may be an important consideration in certain applications. Peak 
let-through currents for typical current-limiting fuses are shown in Figure 6-1. 


6.1.10 time-current characteristics (TCCs): Specifically, minimum-melting and total- 
clearing TCCs of fuses, which are plotted on a log-log scale with time on the Y axis and 
current on the X axis. The fuse operates within the area between the two curves. Minimum- 
melting curves are used for selecting fuses to provide maximum protection without operating 
unnecessarily. The total-clearing curves are used when upstream device coordination is 
required. Figure 6-2 and Figure 6-3 show typical minimum-melting and _total-clearing 
characteristics for high-voltage fuses. The fuse characteristics are different for each fuse type 
and design and for each manufacturer. Thus, in a coordinated protective scheme, fuses cannot 
be substituted without first matching their characteristics, conducting a coordination study, or 
consulting the fuse manufacturer. 
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Figure 6-2—Typical TCC curves for a current-limiting fuse 
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Figure 6-3—Typical TCC curves for an expulsion fuse 


6.2 Fuse classification 


IEEE Std C37.40-1993 defines high-voltage fuses as above 1000 V; therefore, the definition 
covers fuses used in both medium- and high-voltage systems. It also classifies fuses as power 
fuses and distribution fuses, depending on the intended location of the fuses in the power sys- 
tem. In addition, fuses may be classified for 


— Outdoor application only, or 
— _ Application indoors or in enclosures 


Additionally, fuses using new technologies have been available since the early 1980s, but 
have not yet been addressed by standards. 


6.2.1 Power fuses 
According to ANSI C37.42-1996, a power fuse is identified by the following characteristics: 


— Dielectric withstand [i.e., basic impulse insulation level (BIL)] strengths at power 
levels 

— Application primarily in stations and substations 

— Mechanical construction basically adapted to station and substation mountings 


Power fuses have other characteristics that differentiate them from distribution fuses in that 
they are available in higher voltage ratings, higher continuous-current ratings, higher inter- 
rupting-current ratings, and in forms suitable for indoor and enclosure application and for all 
types of outdoor applications. 
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A power fuse consists of a fuse support (commonly called a mounting) plus a fuse unit or, 
alternately, a fuse holder that accepts a refill unit or fuse link. 


Power fuses are rated as E or R depending on their melting characteristics. They are defined 
as follows: 


— _ E rating. The current-responsive element for ratings 100 A or below shall melt in 
300 s at a root-mean-square (rms) current within the range of 200% to 240% of the 
continuous-current rating of the fuse unit, refill unit, or fuse link. The current-respon- 
sive element for ratings above 100 A shall melt in 600 s at an rms current within the 
range of 220% to 264% of the continuous-current rating of the fuse unit, refill unit, or 
fuse link. 

—  Rrating. The fuse shall melt in the range of 15 s to 35 s at a value of current equal to 
100 times the R number. 


When interchanging E-rated fuses of one manufacturer with another, coordination should be 
carefully checked because the time-current characteristics (TCCs) may be different. The 
same guidance applies to R-rated fuses. E-rated fuses are available as both expulsion and 
current-limiting, and R-rated fuses are available only as current-limiting. 


6.2.1.1 New designs of fuses 


Power fuses employing new technology, such as vacuum or sulfur hexafluoride (SFg) as the 
interrupting medium, have recently been developed. In general, these fuses have melting and 
clearing characteristics similar to expulsion fuses. Other new technology fuses feature built- 
in sensing and electronics to develop special melting characteristics. These fuses ordinarily 
carry current through a bus bar. When the built-in sensing calls for operation, current is trans- 
ferred almost instantaneously to a current-limiting fuse section for interruption by physically 
separating the bus bar element sufficiently to prevent restrike from the system voltage and the 
transient impulse created during the current-limiting interruption process. Some designs can 
take a command from other protective systems located remotely from the fuse. 


6.2.2 Distribution fuses 
6.2.2.1 Distribution current-limiting fuses 


According to IEEE Std C-37.40-1993, a distribution current-limiting fuse contains a fuse 
support and a current-limiting fuse unit and is identified by the following characteristics: 


a) Dielectric withstand (BIL) strengths at distribution levels 
b) Application primarily on distribution feeders and circuits 
c) Operating voltage limits corresponding to distribution system voltages 


The specification for current-limiting distribution fuses is detailed in ANSI C37.47-1981. 
Depending on the melting time characteristics, they may be given a C rating, which is defined 
as follows: The current-responsive element shall melt in 1000 s at an rms current within the 
range of 170% to 240% of the continuous-current rating of the fuse unit. 
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The C rating specifies but one point on the TCC curve. While interchanging a C-rated fuse of 
one manufacturer with another, coordination should be carefully checked because the TCCs 
may be different. 


The current-limiting fuse unit may be a disconnecting type or it may fit into a set of clips. 
Some fuses rated up to 15.5 kV also have circuit interrupters so they can be used to discon- 
nect a live circuit. The principle application is in underground distribution systems and they 
are used for the protection of pad-mounted transformers supplying residential areas or small 
commercial or industrial plants. Another application is in small, enclosed capacitor banks. 
Both the clip and disconnecting styles may be used to provide an open point on loop feeds. 


Backup fuses and some general purpose and full range fuses are also used in overhead sys- 
tems where current limitation is desired. These types are also applied as under-oil fuses in 
distribution transformers for the same reason. Because current-limiting fuses do not emit any 
exhaust, they are also used in enclosures or vaults. Special types are used for the protection of 
individual capacitors in outdoor capacitor banks. 


6.2.2.2 Distribution fuse cutouts 


According to IEEE Std C37.40-1993, a distribution fuse cutout is defined by the following 
characteristics: 


a) Dielectric withstand (BIL) strength at distribution levels 

b) Application primarily on distribution feeders and circuits 

c) Mechanical construction basically adapted to pole or crossarm mounting, except for 
distribution oil-fused cutouts 

d) Operating voltage limits corresponding to distribution system voltages 


Characteristically, a distribution fuse cutout consists of a special insulating support and a fuse 
holder. The fuse holder, normally a disconnecting type, engages contacts supported on the 
insulating support and is fitted with a simple inexpensive fuse link (see Figure 6-4). This type 
of fuse is normally an expulsion fuse; the holder is lined with a gas-evolving material, histor- 
ically bone fiber. Interruption of an overcurrent takes place within the fuse holder by the 
action of deionizing gases liberated when the lining is exposed to the heat of the arc estab- 
lished when the fuse link melts in response to an overcurrent. 


Distribution fuse cutouts were developed many years ago for use in overhead distribution 
circuits. They are commonly applied on such circuits along with distribution transformers 
supplying residential areas or small commercial or industrial plants. Fuse cutouts provide 
protection to the distribution circuit by de-energizing and isolating a faulted transformer. 
They are also used for protecting pole-mounted capacitor banks used for power factor 
correction or voltage regulation. 


ANSI C37.42-1996 details the specifications for the distribution cutouts and fuse links. Dis- 
tribution fuse cutouts are available up to a continuous current of 200 A at 15 kV and up to 
100 A at 38 kV. The maximum interrupting ratings, expressed in rms symmetrical amperes, 
are given in Table 6-2. 
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Figure 6-4— Open distribution fuse cutout, rated 100 A 


Table 6-2— Maximum short-circuit interrupting ratings for 
distribution fuse cutouts 


Nominal rating 
(kV) 


Short-circuit interrupting rating 
(A, rms symmetrical) 


CHAPTER 6 


ANSI C37.42-1996 also specifies TCCs for Type K and Type T (i.e., fast and slow, respec- 
tively) fuse links by means of three points on their time-current characteristic curves. None- 
theless, fuses of the same type, but from different manufacturers, cannot be used 


interchangeably from a time-current equivalency. 


Overhead distribution cutouts, traditionally fitted with an expulsion fuse link, can now also 
be fitted with full-range current-limiting dropout fuses. These fuses are designed for 
mounting in an industry-recognized interchangeable cutout while offering all of the features 
of a current-limiting fuse and the visual indication of operation with the drop open design. 
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6.3 Current-limiting and expulsion power fuse designs 
6.3.1 Current-limiting power fuses 


Current-limiting power fuses generally consist of an insulating support (or mounting) and a 
fuse unit. Their principal applications are for protecting voltage (or potential) transformers 
(VTs), auxiliary transformers, power transformers, and capacitor banks, and in other 
applications where their high interrupting ratings and current-limiting properties are 
beneficial. Because current-limiting fuses do not emit any expulsion gases, they can be used 
in enclosures or vaults. At present, the application of these types of fuses is in areas where the 
voltage is between 2.4 kV and 34.5 kV nominal. The ratings for this style of fuse are given in 
Table 6-3. 


Table 6-3 —Maximum continuous-current and short-circuit interrupting rating 
for current-limiting power fuses 


Short-circuit maximum 
interrupting ratings 
(kA, rms symmetrical) 


Rated maximum voltage Continuous-current ratings 
(kV) (A) (maximum) 


2.75 225, 450," 750,* 1350* 50.0, 50.0, 40.0, 40.0 


2.75/4.76 450° 50.0 


3 225, 400, 750,* 1350 50.0, 62.5, 40.0, 40.0 


125, 200* 50.0, 50.0 


65, 100, 125,* 2007 85.0, 50.0, 85.0, 50.0 


50, 100 35.0, 35.0 


50, 100° 35.0, 35.0 


Parallel fuses 


Current-limiting power fuses have three features that have led to their extensive usage on 
medium-voltage power distribution circuits having high fault currents: 


— Interruption of overcurrents is accomplished quickly without the expulsion of arc 
products or gases, as all the arc energy of operation is absorbed by the sand filler of 
the fuse and subsequently released as heat at relatively low temperatures. This feature 
enables the current-limiting fuse to be used indoors or in enclosures of small size. 
Furthermore, because no hot gases are discharged, only normal electric clearances 
need to be provided. The absence of expulsion by-products also permits the fuse to be 
immersed in dielectric fluid. 

— The operation of a current-limiting fuse causes a reduction in the peak current 
through the fuse to a value less than the current available from the power system if 
the fault current greatly exceeds the continuous-current rating of the fuse. Such a 


Copyright © 2001 IEEE. All rights reserved. 177 


IEEE 
Std 242-2001 CHAPTER 6 


reduction in current reduces the stresses and possible damage to the circuit up to the 
fault or to the faulted equipment itself. For a current-limiting fuse used with a motor 
starter, the contractor is required only to have momentary current and to make current 
capabilities equal to the maximum let-though current of the largest current rating of 
the fuse that is used in the starter. 

— _ Very high interrupting ratings are achieved by virtue of current-limiting action so that 
current-limiting power fuses can be applied on medium-voltage distribution circuits 
having very high short-circuit capacity. It should be noted that current-limiting fuses 
limit the let-through current by producing an arc voltage in excess of system voltage. 
This arc voltage may affect insulation coordination and the application of surge 
arresters (see Table 6-1 and 6.4.2.6). 


Current-limiting power fuses are typically clip-mounted. Also available are current-limiting 
fuses that mount in industry-recognized fiber-lined and solid-material mountings used for 
power expulsion fuses described in 6.3.2. 


6.3.2 Fiber-lined and solid-material expulsion power fuses 


Expulsion power fuses generally consist of an insulating support (i.e., mounting) plus a fuse 
unit or, alternately, a fuse holder that accepts a refill unit or a replaceable fuse link. 


One form of medium-voltage power fuses is the fiber-lined expulsion fuse, employing longer 
and heavier fuse holders (compared to fuse cutouts) to cope with higher circuit voltages and 
short-circuit interrupting requirements. Their operating characteristics are similar to the char- 
acteristics of a distribution fuse cutout except that the noise and emission of exhaust gases are 
greatly magnified as the design evolved to handle higher voltages and fault currents. There- 
fore, this type of fuse has been restricted to outdoor applications in substations. Fiber-lined 
expulsion power fuses are still used for protection of small and medium power transformers 
or substation capacitor banks. Table 6-4 gives the rating for fiber-lined expulsion power fuses. 


The solid-material boric acid fuse was developed in the 1930s to improve the interrupting 
capacity of early expulsion fuses and for application inside buildings or enclosures. In this 
design, the deionizing action necessary to interrupt the fault current was not due to organic 
material, but solid boric acid molded into a dense lining for the interrupting chamber. The 
advantages of this design are listed below: 


— For identical dimensions compared to fiber-lined fuse, the boric acid design can 
interrupt higher currents and be applied at higher voltages and with lower arc ener- 
gies to reduce emission of gases. 

— Because the gas liberated from the boric acid is noncombustible and highly deion- 
ized, the fuse design advantageously uses normal clearance distances required in air. 

— During the interruption process, the heat of the arc liberates steam from the boric acid 
crystals. This steam can be condensed by an exhaust control device (commonly 
called an exhaust filter, condenser silencer, or snuffler). This feature allows use 
indoors and in small enclosures up to 34.5 kV. 
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Table 6-4— Maximum continuous-current and short-circuit interrupting ratings 
for fiber-lined expulsion fuses 


Maximum interrupting 
rating* 
(kA, rms symmetrical) 


Rated maximum voltage Continuous-current ratings 
(kV) (A) Gmaximum) 


100, 200, 300, 400 


100, 200, 300, 400 


100, 200, 300, 400 


100, 200, 300, 400 


100, 200, 300, 400 


100, 200, 300, 400 


100, 200 


100, 200 


100, 200 


“Applies to all continuous-current ratings. 


These fuses are available in two styles: 


— The fuse-unit style in which the fusible element, interrupting media, and arc- 
elongating spring assembly are all combined in an insulating tube and the entire unit 
being replaceable 


— The fuse-holder and refill-unit style of which only the refill unit is replaced after 
operation 


The fuse-unit style is principally used outdoors at transmission and subtransmission voltages 
(see Figure 6-5). However, fuses in this style are also available for use at distribution voltages 
up to 34.5 kV, in current ratings up to 400 A. The fuse units are specifically designed for out- 
door pole-top or station mountings and for indoor mountings installed in metal-enclosed 
interrupter switchgear, indoor vaults, and pad-mounted gear. Indoor mountings incorporate 
an exhaust control device that contains most of the arc-interruption products and virtually 
eliminates noise accompanying a fuse operation. These exhaust control devices do not 
require a reduction of the fuse’s interrupting rating. 


Indoor mountings for use with fuse units up to 25 kV can be furnished with an integral hook- 
stick-operated load-current-interrupting device, thus providing single-pole live switching in 
addition to the fault-interrupting function provided by the fuse. 


The ratings of the fuse-unit style are given in Table 6-5. The refill-unit style of fuse is used 
either indoors or outdoors at medium voltage, and its ratings are given in Table 6-6. 
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NOTE-— The combination of interrupter switch with shunt trip device and solid-material power fuses 
provides three-phase protection for the power transformer. 


Figure 6-5— Substation serving large industrial plant at 69 kV 


Table 6-5— Maximum continuous-current and short-circuit interrupting ratings 
for solid-material power fuses (fuse units) 


Short-circuit maximum 
interrupting ratings 
(kA, rms symmetrical) 


Rated maximum voltage Continuous-current ratings 
(kV) (A) (maximum) 


400 25.0 


200,400 14.0, 25.0 


200 12.5 


400 20.0 


100, 200, 300 6.7, 17.5, 33.5 


100, 200, 300 5.0, 13.1, 31.5 


100, 200, 300 3.35, 10.0, 25.0 


100, 250 5.0, 10.5 


100, 250 4.2, 8.75 


6.3.3 Newer types of fuses 


Demands on electrical circuits have increased over the years with the growth of industrial and 
utility systems. In many instances fuse ratings covered by standards are no longer adequate. 
In some cases, the continuous-current requirements exceed existing fuse ratings. In other 
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Table 6-6— Maximum continuous-current and short-circuit interrupting ratings 
for solid-material power fuses (refill units) 


Short-circuit maximum 
interrupting ratings 
(kA, rms symmetrical) 


Rated maximum voltage Continuous-current ratings 
(kV) (A) (maximum) 


200, 400, 7207 


19.0, 37.5, 37.5 


200, 400, 7207 


19.0, 37.5, 37.5 


200, 400, 720? 


19.0, 37.5, 37.5 


200, 400, 7207 


16.6, 29.4, 29.4 


200, 400, 720? 


14.4, 29.4, 29.4 


200, 400, 7207 


14.4, 34.0, 29.4 


200, 400, 720? 


14.0, 34.0, 25.0 


200, 300, 5407 


10.5, 21.0, 21.0 


200, 300 


12.5, 20.0 


200, 300, 5407 


8.45, 17.5, 16.8 


Parallel fuses 


cases, the short-circuit interrupting capabilities of the fuses is insufficient. In still other 
instances, the low-current interrupting performance of fuses is a problem. 


Fuse manufacturers responded to these needs in the early 1980s by combining or integrating 
new technologies with existing fuse designs. Thus, a variety of modern fuse-like devices have 
been developed, which make use of one or more of the following technologies: electronic 
sensing and triggering, pyrotechnics to increase the speed of interruption, and vacuum and 
magnetically enhanced SF¢ interruption. The use of analog and digital circuitry provides for a 
wide variety of TCC curves, and the inherent flexibility of these curves can result in improved 
selectivity in tight coordination schemes. These newer devices are described in 6.3.3.1 
through 6.3.3.3. 


6.3.3.1 Power fuses using vacuum and SF, interruption technology 
6.3.3.1.1 Vacuum power fuses 


Vacuum power fuses are an extension of vacuum power interrupters. A short fuse wire is held 
axially between two electrodes; hence there is a low arc voltage when the fuse wire is melted 
by the overcurrent. Thus the total-clearing characteristic is similar to an expulsion fuse. Inter- 
ruption takes place at a current zero, and dielectric recovery is in high vacuum. 
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6.3.3.1.2 SF, power fuses 


This type of fuse has an E characteristic. As the relatively short fuse wire melts, an arc is 
formed within an SF, chamber. This arc is commutated from the lower electrode to the 
housing. A coaxial coil is series-connected to the housing. The coil produces an axial 
magnetic field. It causes the arc to rotate radially between the housing as the first electrode 
and a central arc runner at the second electrode until a current zero is reached, at which point 
interruption takes place. 


6.3.3.2 Self-triggering fuses that carry high continuous currents 


In principle, this fuse design consists of two parallel fuses. The first has a short fusible 
element in series with a heavy copper conductor. This combination carries the continuous 
current. On overcurrents the fusible element melts and ignites a cutting charge, which cuts 
and folds back the copper conductor at several predetermined reduced sections. The arcs 
formed at these sections aid in the commutation of the overcurrent into the parallel current- 
limiting fuse. This fuse, in turn, melts quickly and interrupts the current in a manner 
consistent with the principle of a current-limiting fuse. The parallel fuse may be a full range, 
a general purpose, or a backup current-limiting fuse. 


These fuses can carry high continuous currents up to 600 A. Their features are low continu- 
ous-current losses, current limitation with low let-through currents, and an ability to interrupt 
substantially lower currents than their continuous-current rating. 


6.3.3.3 Triggerable fuses that interrupt upon command 


In this category several novel fuse types can be distinguished. Their common denominator is 
a heavy copper conductor in parallel with a current-limiting fuse. The copper conductor car- 
ries the continuous current anywhere from 600 A to 3000 A. 


In one design, upon command from the sensing or firing logic, which may be integral or 
remote, the conductor is severed by a chemical charge at predetermined sections. The arcs 
formed at these gaps aid in commutation of the current to the parallel fuse. Its element is 
designed to melt quickly and then interrupt the current like a current-limiting fuse. 


In another design the fuse consists of a circuit interrupter in parallel with a current-limiting 
fuse in one body. The interrupter is actuated to open the circuit by a chemical actuator. While 
the interrupter is opening, the current is shunted to the parallel current-limiting fuse, which 
interrupts the current in a manner consistent with the principle of a current-limiting fuse. The 
interrupter contacts in the meantime move farther apart isolating the circuit. The interrupter 
assembly is replaced after each interruption. 


These types of fuses are combined typically with a built-in current transformer (CT), an elec- 
tronic sensing logic, which may respond to a predetermined current level, rate of rise of 
current, an integrated logic, or any combination of these, to provide a trigger signal for the 
opening of the copper conductor. 
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Some of these logic circuits are combined with additional elements that can delay or shift or 
even change the shape of the TCCs and thus form a family of TCCs, much like the functions 
of modern protective relays. The accuracy of these TCCs, along with fast clearing times, 
provides a narrow band between the minimum operating and total-clearing time, greatly 
enhancing the coordination possible with these devices. 


The power for these logic devices may be derived from the CT or transmitted from ground by 
a small isolation transformer. The trigger signal may also be transmitted from ground to one 
or more phases by simple pulse transformers, if the sensing and firing logic is located at 
ground potential. 


6.4 Application of high-voltage fuses 


IEEE Std C37.48-1987 is a guide for the application, operation, and maintenance of high- 
voltage fuses, distribution enclosed single-pole air switches, fuse disconnecting switches, and 
accessories. It is an extensive document that details the procedures for fuse selection for both 
power and distribution systems. IEEE Std C37 40-1993 defines the fuse’s current, voltage, 
frequency, and interrupting ratings. In selecting a fuse for a specific application, these ratings 
are used frequently and, therefore, are discussed in 6.4.1 and 6.4.2. 


6.4.1 Fuse selection 
6.4.1.1 Voltage ratings 


In industrial applications, where the three-phase load is often delta connected, the maximum 
design voltage of the fuse should exceed the maximum line-to-line voltage of the system, 
regardless of the system grounding conditions. 


For three-phase applications in grounded-wye-grounded-wye systems, some utilities make a 
practice of using current-limiting fuses rated for the line-to-ground voltage. This practice 
allows use of a smaller fuse that produces a lower arc voltage. Before using fuses with such 
ratings, a thorough evaluation is recommended based on the possible malfunction of these 
fuses in the event of an ungrounded phase-to-phase fault on a transformer secondary. 


The current-limiting fuse functions by developing a back electromotive force, and in fuse 
designs using wire elements, this electromotive force is a function of its maximum rated volt- 
age rather than the system voltage. In other words, care should be used in selecting the wire 
element current-limiting fuse voltage rating while considering the possible overvoltages (see 
Table 6-1) to match the system voltage insulating levels. If necessary, the fuse manufacturer 
should be consulted on the application of specific fuse types. 


Both fiber-lined and solid-material expulsion power fuses are not voltage critical in that they 
can safely be applied at voltages less than their rated voltage with no detrimental effects. 
These fuses have a constant current-interrupting ability or, at best, a slightly increased cur- 
rent-interrupting ability when applied to systems operating one or more voltage levels below 
the fuse ratings. 
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6.4.1.2 Current ratings 


In selecting a fuse, the continuous-current capability of the fuse should be equal to or higher 
than the maximum continuous current that might be expected to pass through the fuse. There- 
fore, in applications where the equipment being protected by the fuse may be overloaded 
(such as when a transformer is operated above its continuous rating, but within published 
short-time loading limits), the fuse’s continuous-current rating should be selected on the basis 
of maximum anticipated overload current, not the rated current. Solid-material power fuses 
have continuous-overload capabilities, and the manufacturer should be consulted if using a 
fuse with a continuous-current rating less than the maximum continuous current required for 
the application is desired. Fuses of a higher current rating may be required for other reasons, 
such as to obtain coordination with other protective devices or to carry higher currents for 
shorter periods of time. 


The continuous-current capability of fuses is determined at 25 BC or 308C and can be 
increased or decreased in applications where the ambient temperature is above or below these 
values. The fuse manufacturer should be contacted for information. 


Transient currents of duration approaching the fuse melting time may physically damage 
some fuse types and cause a reduction in melting time characteristics. Therefore, when 
selecting these fuses for particular installations, proper allowance should be made for 
expected short-term conditions. The fuse manufacturer may be consulted for providing the 
tules for the “no-damage” boundary for its design (if any). 


In the more sophisticated distribution systems, continuity of service is achieved by 
automatically switching the loads from a faulted circuit or transformer to another circuit or 
transformer until repairs or replacement can be made. It is imperative to consider the effect of 
such overloads on the melting TCC of the fuse as it affects selectivity with other overcurrent 
protective devices. 


Tools for use in selection of the various fuse types are available from fuse manufacturers. 
TCC curves, preloading adjustment, and ambient temperature adjustment factors are pro- 
vided for each fuse type. In addition, overload capability data for expulsion fuses, and peak 
let-through current curves, total-clearing J *t charts, and peak arc voltage data are provided 
for current-limiting fuses. 


6.4.1.3 Interrupting rating 


The interrupting rating of a fuse is expressed in rms symmetrical amperes. Standards call for 
testing power fuses at an X/R ratio not less than 10, so the asymmetrical rating is 1.55 times 
the symmetrical rating. (Some manufacturers test at an X/R ratio greater than 10, for an asym- 
metry factor of 1.6.) If a power fuse is to be applied in the unusual case where the X/R ratio 
exceeds 15 (or 20), the manufacturer should be consulted for derating factors. Some manu- 
facturers also publish higher interrupting ratings at lower X/R ratios. 


Distribution fuse cutouts are applied on overhead lines where the X/R ratio is lower than for 
cable systems or large substation applications. Therefore, they are tested at an X/R ratio of 8 
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or 12 (corresponding to an asymmetry factor of 1.4 or 1.5) depending on the voltage and 
interrupting ratings. Most manufacturers publish data for increasing or decreasing the rms 
symmetrical interrupting ratings of distribution cutouts for lower or higher X/R ratios. 


Equivalent three-phase symmetrical interrupting ratings in MVA are given as a reference for 
comparison with circuit breaker capabilities. Also, simplified short-circuit duty requirements 
can be calculated in these terms. 


In selecting a fuse for proper interrupting rating, one requirement, of course, is that the fuse 
be adequate for the short-circuit duty required. Generally, however, other requirements such 
as high load current or a desire for current limitation ensure that the fuses used have inher- 
ently more interrupting capability than the system requires. 


6.4.2 Special application considerations 


The application considerations of high-voltage fuses differ depending on whether they are 
used for system protection or protection of equipment such as power transformers, distribu- 
tion transformers, motors, and capacitors. 


6.4.2.1 System protection 
6.4.2.1.1 General 


From the basic concept of overcurrent protection applicable to medium- and high-voltage dis- 
tribution systems used in industrial plants and commercial buildings, it becomes apparent that 
the principle functions of overcurrent protective devices are to detect fault conditions and 
interrupt these high values of overcurrent quickly. Fuses provide fast clearing of high-magni- 
tude fault currents, usually on the order of one cycle or less. Their secondary function is to act 
as backup overcurrent protection if the next overcurrent device closer to the fault either fails 
to operate due to a malfunction or operates too slowly due to incorrect (i.e., higher) rating or 
settings. 


High-voltage power fuses have the capabilities and characteristics to provide this vital over- 
current protection for virtually all types and sizes of distribution systems ranging from a sim- 
ple radial circuit where power is supplied at medium voltage with a transformer to provide 
utilization voltage, up to complex primary-selective circuits supplying feeders connected to a 
number of transformer-primary substations (see Figure 6-6 and Figure 6-7). Such fuses, used 
with load-interrupter switches, may be applied outdoors, in vaults, or in metal-enclosed 
switchgear. 


The use of more economical fuses (as compared to circuit breakers) allows segmentation of 
radial systems and protection of individual loads. This feature can improve service reliability 
by interrupting the least amount of load in order to remove a faulted segment. Fuses are 
widely used in switchgear buses where their fast operating times (less than 0.5 cycle for 
current-limiting and newer technology fuses when operating in their current-limiting range or 
1 cycle for power fuses on high-current faults) reduce damage to faulted equipment and 
stresses on the system feeding the fault, including motors. Current-limiting fuses produce 
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Figure 6-6— One-line diagram of simple radial system 


<p 
_ & ! FUSED A | 
INTERRUPTER g 
a SWITCHES as 


soe soe 
{| LJ 


Figure 6-7—One-line diagram of typical primary-selective system 


lower voltage dips (e.g., in magnitude and duration) due to their current-limiting operation 
and, as a result, may allow equipment connected to adjacent circuits to ride through the fault- 
clearing operation. Fuses discussed in 6.3.3 are especially suitable for main-bus application 
because of their high continuous-current ratings and the coordination achievable with their 
inverse curves and fast clearing times. 


6.4.2.1.2 Selectivity 


The minimum-melting TCC curve indicates the time that a fuse carries a designated current 
before operating (assuming no initial load). Figure 6-8 illustrates a typical family of 
minimum-melting TCCs for current-limiting power fuses. Figure 6-9 shows the minimum- 
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melting TCCs for a representative line of solid-material power fuses. These curves should 
indicate the tolerance in terms of time or current. These curves should further indicate 
whether the fuse is non-damageable, that is, whether it can carry without damage the 
designated current for a time that immediately approaches the time indicated by the curve. 
Total-clearing TCC curves for these two types of fuses are shown in Figure 6-10 and 
Figure 6-11, respectively. 


1000 


TIME IN SECONDS 


4 10 20 40 100 200 400 1000 2000 4000 10000 


CURRENT IN AMPERES 


Figure 6-8— Typical minimum-melting TCC curves for 
high-voltage current-limiting power fuses 


Because the minimum-melting TCC curve is based on no initial load current through the 
fuse, this curve should be modified to recognize the reduction in melting time due to load 
current. This modification permits more precise coordination with other overcurrent protec- 
tive devices nearer the load. Further aids are available in the form of curves that show the 
temporary reduction in melting characteristics if the fuse has been carrying a heavy emer- 
gency overload, or if the fuse has been applied in a location with an exceptionally high ambi- 
ent temperature. 
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Figure 6-9—Typical minimum-melting TCC curves for 
medium and high-voltage solid-material power fuses 


If the fuse is susceptible to a permanent change in melting TCC when exposed to currents for 
times less than the minimum-melting time, the manufacturer’s published “safety-zone” 
allowance or “setback curve” should be used in any coordination scheme. 


Fuses discussed in 6.3.3.3, which can interrupt upon command, have small tolerances, are 
fast-acting at high fault currents, are nondamageable, and do not require modification of the 
curves due to pre-loading or ambient temperature. Nonetheless, they should not be installed 
in locations where the ambient temperature exceeds 558C without consulting the 
manufacturer. 


Maximum system protection and maximum backup protection for load-side devices require 
use of the smallest ampere rating of fuse that meets the requirements stated in 6.4.1.2. In 
addition, the cumulative transformer magnetizing inrush of all transformers downstream of 
the fuse should be considered. Fuses having a small tolerance and utilizing nondamageable 
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Figure 6-10—Typical total-clearing TCC curves for high-voltage 
current-limiting power fuses (see Figure 6-8) 


elements are best suited to accurate selective application. The effort required to make a 
precise selection of fuse ampere rating and speed characteristics is small compared to the 
benefits obtained in overall system overcurrent protection. 


6.4.2.2 Transformer protection 
6.4.2.2.1 Inrush points 


In selecting fuses for transformer protection, the following practices are recommended to 
avoid nuisance fuse operation: 


a) When atransformer is energized, magnetizing inrush current flows through the fuses. 
When selecting the current rating, the minimum-melting TCC (adjusted for pre-load, 
ambient temperature, and, if applicable, damageability) should lie to the right of the 
magnetizing inrush points. The rules of thumb for these points are 12 times the full- 
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Figure 6-11—Typical total-clearing TCC curves for high-voltage solid-material 


b) 


c) 


190 


power fuses (see Figure 6-9) 


load current of the transformer at 0.1s and 25 times at 0.01 s for unloaded 
transformers. 


Magnetizing inrush currents may be slightly higher when transformers carrying load 
current are subjected to a momentary interruption. In addition, under these circum- 
stances, fuses will have been carrying the load and will melt slightly faster than when 
at room temperature. As a rule of thumb, the integrated heating effect of this inrush 
should be considered as that of a current having a magnitude of 10 to 14 times the 
full-load current for a duration of 0.1 s and 25 to 28 times the full-load current for a 
duration of 0.01 s. This effect is referred to as hot-load pickup. 


Cold-load pickup can be a concern if fuses are sized based on load diversity, i.e., the 
utility practice of sizing transformers, conductors, and protective devices such as 
fuses to handle the highest normal load current to be expected, rather than the entire 
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connected load. This practice can cause problems in re-energizing a circuit after a 
prolonged (e.g., 4h) interruption. In this case, all air conditioners or all electric 
heating devices start up at the same time rather than randomly. This condition may 
result in a current profile that is equivalent to six times the transformer full-load 
current for 1 s, three times for 10 s, and two times for 15 min. It is unusual for cold- 
load pickup to be a problem on industrial and commercial power systems where the 
diversity of many small air conditioners is not a factor and where large loads are 
energized one at a time following a prolonged power interruption. However, if all 
load on a transformer is picked up at once by closing the primary or main secondary 
switching device, a similar inrush will occur. If this event is expected, the fuse should 
be selected so that its minimum-melting curve is to the right of the points mentioned 
in 6.4.2.2, plus any allowances recommended by the manufacturer for a safety zone. 


d) For proper coordination, the secondary protection system’s total-clearing characteris- 
tics (e.g., secondary fuses or breakers) converted to the primary side should also lie to 
the left of the primary fuse’s minimum-melting curve. 


e) Considering the above inrush points, comparison of the steep minimum-melting TCC 
of a current-limiting fuse and the curves of an expulsion fuse shows which one 
should give better protection than the other for faults on the secondary side of the 
transformer. This comparison is particularly true for arcing phase-to-ground faults 
where the fault current may be as low as 40% of the current for a bolted fault. 


6.4.2.2.2 Through-fault protection 


A primary fuse selected for transformer protection should be able to carry overload currents 
safely. In addition, it should be large enough to coordinate with secondary-side devices. The 
upper limit for the size of fuse selected is a function of the NEC rule that the rating not 
exceed three times the transformer’s full-load rating. Fuses can provide excellent protection 
to the transformer for such faults when properly selected. Chapter 11 discusses transformer 
protection in detail. Because its zone of protection extends only through secondary-side 
protective devices, the primary fuse should be selected on the basis of the infrequent fault 
protection curve. Frequent faults on the lines emanating from the secondary bus are to be 
cleared by feeder protective devices. 


6.4.2.2.3 Overload protection 


Precise transformer overload protection is commonly required. One means is the use of inter- 
nal circuit breakers. Another method for overload protection is available for pad-mounted 
transformers, which commonly use bayonet expulsion fusing. Rather than using conventional 
copper and tin bayonet fuse elements, which do not react to the transformer oil temperature, 
optional eutectic elements may be used to provide both overcurrent and overload protection. 
Unlike conventional fuse elements, the eutectic element senses both the thermal effect of 
current flow and the oil temperature rise. The oil temperature is due to core and coil losses 
combined with ambient temperature conditions. The eutectic element melts at a predeter- 
mined temperature and opens the circuit. Thus, the transformer insulation system is protected 
from extreme temperatures that significantly reduce its operating life. 
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6.4.2.2.4 Two-fuse concept protection 


The two-fuse concept is commonly applied to pad-mounted transformers. This protection 
scheme consists of a partial-range current-limiting fuse in series with an expulsion fuse 
housed in a bayonet through-wall holder. The partial-range current-limiting fuse is sized to 
clear high-current, low-impedance internal faults, and its field accessibility is optional. Con- 
versely, the field accessible expulsion fuse is sized to clear lower current, external secondary 
faults and/or sustained overloads. Using the two-fuse concept provides assurance that trans- 
formers with internal faults remain permanently isolated and allows differentiation between 
internal and external faults. Typically, overcurrent conditions that transformers experience 
are of lower magnitude and only involve replacement of the accessible expulsion fuse ele- 
ment assembly. 


6.4.2.3 VT protection 


The fuses applied for voltage transformer (VT) protection should withstand inrush currents 
during the transformer energization. The VT manufacturer provides these data in the form of 
17¢ for their products. Fuses are chosen for protection, depending on the method of trans- 
former connection. Figure 6-12 shows two widely used methods of connection: Class I and 
Class II. For Class I connections, the inrush current of one transformer passes through the 
fuse, and hence the fuse’s melting / *t should be greater than 1.5 times the J *t of the inrush of 
the transformer. For Class II connections, the inrush currents of two transformers pass 
through the fuse. In this case, the fuse’s melting J *+ should be greater than 4.5 times the / 44 
of the inrush of the transformer. With this method of selection, nuisance blowing of fuses can 
be avoided. 


CLASS | 
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NOTE — Class I connections are preferred; Class II connections are sometimes employed. 


Figure 6-12—Various methods of connecting VTs to bus, 
showing fuse positions 


When possible damage to other equipment or injury to personnel, due to delayed clearing of a 
failed transformer, is an important consideration, Class II connection should be avoided if 
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this connection gives rise to a higher fuse ampere rating than the Class I connection. The 
inrush J *¢ for the transformers varies rapidly with increases in applied voltage; in requesting 
the /*t from the transformer manufacturer, the voltage specified should be the maximum 
expected in service. 


In some applications, particularly cable circuits, the inherent capacitance of the circuit may 
give rise to a discharge current through the primaries of the connected VTs when the circuit is 
disconnected from the bus. The magnitude and duration of this discharge current may be cal- 
culated from the circuit constants and, in some instances, may result in blowing the primary 
fuse. This possibility is a particular concern where the VTs can be suddenly isolated from the 
ac source along with long cable runs or capacitor banks. 


6.4.2.4 Capacitor protection 


Ordinarily, fuses used for the protection of capacitor banks and individual capacitor units are 
furnished by the manufacturer of the capacitor bank. Selection of these fuses is complex and 
involves consideration of the possibility of capacitor-unit rupture, inrush currents during 
switching operations, use of a continuous-current rating large enough to accommodate 
higher-than-expected currents due to harmonics and overvoltages, and the amount of energy 
that may be fed into a faulted capacitor unit from adjacent units on the same phase. If replac- 
ing these fuses with fuses of a different manufacture or type is necessary, all these factors 
should be carefully considered when selecting the new fuse. 


6.4.2.5 Motor-circuit protection 


6.4.2.5.1 Design and selection 


Fuses specifically designed for motor-circuit protection are different from the other types of 
fuses. These motor-circuit fuses are subjected to inrush currents constantly during the start 
and stop of the motors. Hence the element design is different and takes the mechanical 
stresses produced by the inrush currents. They are usually R-rated backup power fuses. They 
are applied in series with low-interrupting-capacity contactors or vacuum interrupters located 
in motor controllers. These series interrupters are controlled by thermal overload relays or 
other motor protection relays (see Figure 6-13). The fuse size selected should allow for short- 
circuit protection provided by the fuse and overload protection provided by the motor 
overload relays. The following data are required for proper application: 

— Motor full-load current rating 

— Motor locked-rotor current 

— Overload relay TCCs 

— R-rated fuse’s minimum-melting characteristics 


6.4.2.5.2 Coordination of fuses and motor starters 
In applying fuses for motor protection circuits, the fuse and motor-starter components should 
be coordinated so that the fuse is protected against unnecessary operation during motor 


starting or expected overload conditions. A typical motor branch circuit, and the connected 
protective devices, is shown in Figure 6-14. In this example, a 2300 V, 500 Hp, 370 kW, 
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Figure 6-13—High-voltage R-rated fuses in drawout motor starter, rated 180 A 


three-phase motor is assumed with a full-load current of 125 A and a locked-rotor current of 
750 A. It is being started with a suitable contactor having thermal overload relays. The 
overload relay is to be sized at 125% of motor full-load current, and system voltages could 
vary enough to cause a 10% increase in locked-rotor current. Taking these percentages into 
consideration, the overload relays were selected at a rated value of 155 A in terms of the 
primary current in the CTs, and the adjusted locked-rotor current is 825 A. The coordination 
of the fuse and relay characteristics is shown in Figure 6-15. In this example, the thermal 
relay characteristic crosses the minimum-melting characteristic of a 6R fuse at 620 A, 9R 
fuse at 980 A, and a 12R fuse at 1350 A. Because the 9R and 12R fuses have the crossover 
current greater than the 825A of adjusted locked-rotor current for this motor, both are 
suitable for this condition. Because 9R is the smallest fuse that coordinates with the relay, it is 
selected to limit the energy let-through to faults and minimize the damage to the protected 
circuit. 


6.4.2.6 Coordination of fuses and surge arresters 


Surge arresters are overvoltage devices that present a low resistance when the voltage 
exceeds a predetermined value, and a high resistance during normal operation. Thus they 
clamp the overvoltage to a desired level by diverting the excess energy to earth. Because the 
arresters do not have large mass, a thermal limit absorbs the energy during the overvoltage 
period. 


The current-limiting fuse limits the peak let-through current by producing a high arc voltage 
across its terminals (as high as three times the voltage rating of the fuse). This peak arc volt- 
age, lasting about 100 us to 500 us, is in excess of the system peak voltage and may cause 
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Figure 6-15—Illustration of a method of checking coordination 
of current-limiting fuses and motor overload relays 
in a motor branch circuit 
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surge arresters on the source side to operate. ANSI C37.46-1981 and ANSI C37.47-1981 
specify the limits on peak arc voltages for current-limiting fuses (see Table 6-1). 


6.4.2.6.1 Coordination of surge arresters and current-limiting fuses 


When current-limiting fuses and surge arresters are used adjacent to each other, care should 
be taken to prevent failure of either device. 


When the arrester is on the source side of a current-limiting fuse, the high arc voltage caused 
by an operation in the current-limiting mode on some types of fuses may cause the arrester to 
go into the conducting mode. Some concern exists that energy that the arrester needs to 
absorb during operation, if it occurs, is large enough that eventful (or catastrophic) arrester 
failure could occur. However, based on fuse and arrester standards and characteristics, 
thorough reviews of the application, and numerous tests, it has been concluded that the use of 
arresters in this location may be done without undue risk. The probability of damage is low as 
long as devices that conform to present standards are used. If a concern exists for a particular 
application, the fuse and arrester manufacturers should be consulted. 


When the surge arrester is located on the load side of a current-limiting fuse, the fuse opera- 
tion under current-limiting mode should not affect the surge arrester. But this method may 
lead to fuse operation due to surge arrester operation because the [ *t of the lightning current 
discharged by the arrester also flows through the fuse. The fuse operates if the J *t content in 
the surge current is greater than the fuse’s minimum-melt / *t. In some instances, when the 
I°tis just below the fuse’s minimum-melt / *r, element damage may occur that might cause 
the fuse to fail subsequently. The fuse selected using this method should have a melting / oF 
higher than the maximum estimated lightning surge value at this location. Thus, nuisance 
fuse operation can be minimized. 


6.4.2.6.2 Coordination of surge arresters and expulsion fuses 


Solid-material power fuses and fiber-lined cutouts do not produce high arc voltages, so no 
need exists for coordination with surge arresters on the source side. Due to the inversity of 
their melting curves, fuses rated 15E or larger normally do not operate due to current through 
a surge arrester on the load side of the fuse. 


6.4.2.7 Special application of new technologies 


Some of the new designs of power fuses are unique in combining many of the features of 
both triggered relays and fuses. Like relays, they can be furnished with a variety of response 
characteristics including instantaneous, time delay, inverse, and combinations of these char- 
acteristics. At high current levels, they interrupt in a current-limiting mode within a fraction 
of a cycle. They are available with high continuous-current ratings of 400 A, 600 A, 1200 A, 
2000 A, and 3000 A. This combination makes them especially suitable for a number of appli- 
cations not attainable with other devices: 


— _ Service entrance protection. The accuracy and special response characteristics allow 
coordination with line-side and load-side devices not achievable with other forms of 
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protection. In addition, they are available in higher continuous ratings than other 
fuses. 


— Feeder protection. The accuracy and special response characteristics allow coordina- 
tion with line-side and load-side devices not achievable with other forms of 
protection. 

— Bus tie protection. The high continuous-current rating and fast response allow paral- 
leling two sources without subjecting feeder protective equipment to excessive fault 
currents. 


— Reactor bypass. Reactors used to limit fault current introduce losses and voltage reg- 
ulation problems to the system. A triggerable power fuse can be used to bypass a 
reactor, carrying normal load current and transferring fault current to the reactor for 
limitation. 


— Protection of underrated equipment. The addition of capacity to electrical systems 
sometimes results in raising the available fault-current level above the rating of 
equipment. Triggerable power fuses can reduce the potential let-through current to 
levels within the equipment ratings. 


6.5 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ANSI C37.42-1996, American National Standard Specification for High Voltage Expulsion 
Type Distribution Class Fuses, Cutouts, Fuse Disconnectin Switches, and Fuse Links 2 


ANSI C37 44-1981 (Reaff 1992), American National Standard Specification for Special Dis- 
tribution Oil Cutouts and Fuse Links. 


ANSI C37.46-1981 (Reaff 1992), American National Standard Specifications for Power 
Fuses and Fuse Disconnecting Switches. 


ANSI C37.47-1981 (Reaff 1992), American National Standard Specifications for Distribution 
Fuse Disconnecting Switches, Fuse Supports, and Current-Limiting Fuses. 


ANSI C37.53.1-1989 (Reaff 1996), American National Standard Specification for Switch- 
gear— High-Voltage Current Motor-Starter Fuses. 


3 ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 
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UL 489-1991 further specifies that MCCBs are specifically intended to provide service 
entrance, feeder, and branch circuit protection in accordance with the NEC. Present Under- 
writers Laboratories (UL) requirements cover MCCBs rated through 600 V and 6000 A. 


ANSI C37.16-2000 includes information on ratings, application, and operating conditions 
applicable to LVPCBs. 


When specifying MCCBs or LVPCBs, the circuit breaker should be applied within its ratings 
for circuit protection. 


The term insulated-case circuit breaker (ICCB) is commonly used to designate a circuit 
breaker with a supportive and enclosing housing of insulating material and with a stored 
energy mechanism. ICCBs are typically available in frame sizes of 800 A and above. They 
are generally listed under UL 489-1991. 


The term air circuit breaker is often used in speaking of LVPCBs. Because the arc interrup- 
tion takes place in air in both MCCBs and LVPCBs, this term really applies to both types. 


The material in this chapter is limited to general purpose applications of circuit breakers that 
provide overcurrent protection on ac power systems through 600 V. Circuit breakers intended 
for special purpose applications, such as instantaneous trip only, are not covered. For circuit 
breaker ratings, requirements, and recommendations in mining applications, transit systems, 
or other special purpose applications, the standards in 7.9 or the manufacturers’ literature 
should be consulted. 


7.2 Ratings 


The ratings that apply to circuit breakers and their assigned numerical values reflect the 
mechanical, electrical, and thermal capabilities of the circuit breakers and generally comply 
with industry standards published by the National Electrical Manufacturers Association 
(NEMA), Underwriters Laboratories (UL), or the American National Standards Institute 
(ANSI). A brief description of the basic ratings is given in 7.2.1 through 7.2.7. 


7.2.1 voltage: Circuit breakers are designed and marked with the maximum voltage at which 
they can be applied. They can be used on any system where the voltage is lower than the 
breaker’s voltage rating. Voltage ratings distinguish between delta-connected, three-phase, 
three-wire systems and wye-connected, three-phase, four-wire systems, which are more com- 
mon. Refer to IEEE Std 141-1993 for system voltages and nomenclature. The NEC provides 
the following guideline in Article 240-85(e)(FPN): 


A circuit breaker with a straight voltage rating, e.g., 240 V or 480 V may be applied 
in a circuit in which the nominal voltage between any two conductors does not 
exceed the circuit breaker’s voltage rating; except that a two-pole circuit breaker is 
not suitable for protecting a 3-phase corner-grounded delta circuit unless it is marked 
1-phase/3-phase to indicate such suitability. 
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A circuit breaker with a slash rating, e.g., 120/240 V or 480Y/277 V, may only be 
applied in a circuit in which the nominal voltage to ground from any conductor does 
not exceed the lower of the two values of the circuit breaker’s voltage rating and the 
nominal voltage between any two conductors does not exceed the higher value of the 
circuit breaker’s voltage rating. 


LVPCBs are all marked, rated, and tested only for the straight voltage system requirements as 
are all larger MCCBs. MCCBs rated 250 A or below are rated for either straight or slash volt- 
age systems. 


7.2.2 frequency: Circuit breakers are normally suitable for use in 50 Hz and 60 Hz electrical 
distribution systems. DC ratings are marked on the circuit breaker when they apply. 


7.2.3 continuous-current: Standard MCCBs are calibrated to carry 100% of their current 
rating in open air at a given ambient temperature (usually 40 °C). In accordance with NEC 
Article 210-19, these breakers, as installed in individual enclosures or in other equipment, 
should not be continuously loaded over 80% of their current rating. 


LVPCBs and certain ICCBs and MCCBs are specifically rated for 100% continuous duty. 
These circuit breakers can be continuously loaded to 100% of their current rating in a 40 °C 
ambient when installed in their proper enclosures. 


7.2.4 poles: Circuit breakers are available in one-, two-, and three-pole versions. Outside 
North America, four-pole MCCBs are also available as [EC-rated units for systems in which 
the neutral is switched with the disconnect device. Switching neutral circuit breakers are 
available in the United States for classified applications such as in gasoline stations. 


7.2.5 control voltage: The control voltage rating is the ac or dc voltage designated to be 
applied to control devices intended to open or close a circuit breaker. These devices can nor- 
mally be supplied with a voltage rating needed to meet a particular control system. 


7.2.6 interrupting: As defined in the NEC, interrupting rating is “The highest current at rated 
voltage that a device is intended to interrupt under standard test conditions.” The interrupting 
rating (or short-circuit current rating, when referring to LVPCBs) is commonly expressed in 
root-mean-square (rms) symmetrical amperes. It may vary with the applied voltage and is 
established by testing per UL or ANSI standards. 


Where the interrupting ratings of conventional MCCBs or LVPCBs are not sufficient for a 
particular system application, other options are available, such as current-limiting circuit 
breakers, integrally fused circuit breakers, and series-rated combinations. In series-rated 
combinations, the load-side circuit breaker is used in a system with a short-circuit availability 
above its nameplate interrupting rating while a supply-side circuit breaker or fuse rated at or 
above the available short-circuit current is present to protect the load-side circuit breaker. 
Certified series ratings are tested and marked on listed equipment in which they are used in 
accordance with the NEC. 
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7.2.7 short-time current: The short-time current rating, sometimes referred to as withstand 
rating, specifies the maximum capability of a circuit breaker to withstand the effects of short- 
circuit current flow for a stated period, typically 0.5s or less, without opening. This 
capability provides time for load-side protective devices closer to the fault to operate and 
isolate the circuit. 


The short-circuit current rating of an LVPCB without instantaneous trip characteristics is 
equal to the circuit breaker’s short-time interrupting rating. Most MCCBs are not provided 
with a short-time current rating; however, some higher current rated MCCBs (presently 
1200 A and above) are provided with a short-time current rating in addition to the short- 
circuit interrupting rating. 


To achieve selective coordination, circuit breakers equipped only with long-time and short- 
time delay may be used on the supply side of the load protective device. 


7.3 Current limitation 


Current limitation using circuit breakers can be provided by two types of circuit breakers: 
current-limiting and integrally fused. Each type is discussed in 7.3.1 and 7.3.2, respectively. 


7.3.1 Current-limiting circuit breakers 


Current-limiting circuit breakers are special MCCBs that not only provide high interrupting 
capabilities, but also limit let-through current and energy to load-side devices. UL 489-1996 
defines a current-limiting circuit breaker as “‘a circuit breaker that does not employ a fusible 
element and that when operating within its current-limiting range, limits the let-through Pt to 
a value less than the /t of a half-cycle wave of the electrical prospective current.” 


Pt, as used in the definition, is an expression related to the energy resulting from current flow. 
It is defined as Pt = Ji7( t)dt over the period of consideration (i.e., usually from initiation of 
short circuit to clearing). Specific manufacturers’ literature should be consulted for informa- 
tion on the current-limiting characteristics of their circuit breakers. Current-limiting circuit 
breakers provide the system designer with a means of reducing fault-current energy levels to 
load-side system components while still retaining the advantages of circuit breaker construc- 
tion, such as common trip and reusability. These breakers can be reset and service restored in 
the same manner as conventional thermal-magnetic circuit breakers. Nothing needs to be 
replaced, even after clearing maximum rated fault currents. After interruption at high fault 
levels, it is required that the faulted equipment including the circuit breaker be checked and 
replaced if necessary before being put back into service. Figure 7-2 illustrates the current 
waveform resulting from current-limiting operation. 


7.3.2 Integrally fused circuit breakers 
Integrally fused circuit breakers provide high interrupting capability through the use of cur- 


rent-limiting fuses that are assembled into the housing of the circuit breaker. The fuses in 
these devices are designed to operate and require replacement only after a high-level fault. 
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The circuit breaker mechanism is interlocked so that when any fuse opens, the circuit breaker 
automatically opens. 
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Figure 7-2—Current-limiting waveform 
(fault initiation at t = 0 and V maximum) 


7.4 Typical ratings 


Table 7-1 and Table 7-2 list typical ratings of MCCBs for commercial and industrial applica- 
tions. Table 7-1 covers ratings of standard and high interrupting capacity units at several 
typical levels, while Table 7-2 covers current-limiting and fused breakers. Table 7-3 and 
Table 7-4 show standard ratings for LVPCBs with and without instantaneous overcurrent trip 
characteristics, respectively. Although the ratings in Table 7-3 and Table 7-4 are preferred rat- 
ings, most commercially available circuit breakers carry higher interrupting ratings. Also, 
225 A and 600 A frame sizes are generally no longer manufactured. Table 7-5 covers inte- 
grally fused LVPCBs. 


7.5 Trip unit 


The trip unit continually senses current and initiates tripping according to its time-current trip 
curve to provide the automatic overcurrent protection function of the circuit breaker. Depend- 
ing on the magnitude of the current, the trip unit initiates an inverse-time response or an 
instantaneous response. When tripping is initiated, a direct acting mechanism inside the 
circuit breaker opens the primary contacts and interrupts the current flow. The trip unit 
considered here is an integral part of the circuit breaker. It may be electromechanical 
[thermal-magnetic (see Figure 7-3 and Figure 7-4) or mechanical dashpot] or electronic (see 
Figure 7-5). 
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Table 7-1—Typical interrupting ratings of MCCBs for 
commercial and industrial applications® 


Frame size 
(A) 


Number of 
poles 


Interrupting rating at ac voltage 
(kA, rms symmetrical) 


240 480 


800, 1000 


1600, 2000 


3000, 4000 


NOTE~— Ratings in this table are typical. Variations among manufacturers or product changes 
may result in actual ratings that differ from the table. Specific manufacturers’ literature should 
be consulted for guidance. 


“Does not include MCCBs intended primarily for residential applications. Specific manufactur- 
ers should be consulted for rating information on those residential circuit breakers. 


Trip units may be considered in five basic configurations: 


—  Nonadjustable. Nonadjustable trip units are most commonly available on smaller 


MCCEBs. All characteristics are fixed. 


— Adjustable instantaneous. Many thermal-magnetic MCCBs are fitted with an 
instantaneous (or magnetic trip) adjustment as shown in Figure 7-4. All other 
characteristics are fixed. The adjustment may be a single adjustment for all poles or 
an individual adjustment for each pole of the circuit breaker. 


204 
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Table 7-2—Typical interrupting current ratings of current-limiting MCCBs and 
fused circuit breakers 


Interrupting rating at ac voltage 
Frame size Number of (kA, rms symmetrical) 
(A) poles 


240 V 480 V 


Current-limiting circuit breakers 


100-150 


225-250 


400-600 


Fused circuit breakers* 


100-150 


400-600 


800-1000 


1600-2000 


NOTE~— Ratings in this table are typical. Variations among manufacturers or product changes 
may result in actual ratings that differ from the table. Specific manufacturers’ literature should 
be consulted for guidance. 


“Includes circuit breakers with integral fuses within the enclosure or current-limiting fuses 
within an approved load-side add-on device. 


— Mechanical dashpot. A mechanical dashpot trip unit is found on many older LVPCBs 
now in service. This trip unit is rare on newer ac products with the advent of elec- 
tronic trips. It is found on larger dc-rated circuit breakers. It is not discussed in detail 
in this chapter. 


— Electronic. Electronic trip units are found as standard on most LVPCBs and ICCBs 
and as an option on many MCCBs. They are equipped with adjustments for some or 
all of the characteristic adjustments listed in 7.5.1. Not all of the adjustments are used 
or required in all installations. In many cases the continuous-current rating is selected 
by installing or replacing a rating plug, which is a part identified with a specific cur- 
rent rating. An adjustment in addition to the rating plug may be made to achieve finer 
adjustment. Other adjustments are made using dials such as indicated in Figure 7-5 or 
simple programming steps. Additional functions, such as ground-fault protection, or 
combinations of functions that further influence circuit breaker time-current response 
are available from specific manufacturers. Ammeters and other visual displays are 
optionally available for monitoring the condition of the circuit and circuit breaker. 


— Communicating electronic. \n addition to the adjusting of the trip characteristic, some 
trip units provide communication with each other, with interfacing electronic systems 
and with the systems operators. Features may include selective interlocking for fast 
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Table 7-3 —Preferred ratings for low-voltage ac power circuit breakers with 
instantaneous direct-acting phase trip elements® 


System Rated Insulation Three-phase Range of trip- 
nominal maximum (dielectric) short-circuit Frame size d ace ierene 
voltage voltage withstand current rating (A) 


(V) (V) (V) (symmetrical A)? ratings (A)° 


14 000 40-225 
22 000 40-600 
22 000 100-800 
42 000 200-1600 
42 000 200-2000 
65 000 2000-3000 
65 000 2000-3200 
85 000 4000 
22 000 40-225 
30 000 100-600 
30 000 100-800 
50 000 400-1600 
50 000 400-2000 
65 000 2000-3000 
65 000 2000-3200 
85 000 4000 

25 000 40-225 
42 000 150-600 
42 000 150-800 
65 000 600-1600 
65 000 600-2000 
85 000 2000-3000 
85 000 2000-3200 
130 000 4000 


“See IEEE Std C37.13-1990 and ANSI C37.16-2000. 

>Ratings in this column are rms symmetrical values for single-phase (two-pole) circuit breakers and 
three-phase average rms symmetrical values of three-phase (three-pole) circuit breakers. When 
applied on systems where rated maximum voltage may appear across a single pole, the short-circuit 
current ratings are 87% of these values. See 5.6 in IEEE Std C37.13-1990. 

°The continuous-current-carrying capability of some circuit-breaker-trip-device combinations may 
be higher than the trip-device current rating. See 10.1.3 in IEEE Std C37.13-1990. 


but orderly shutdown, phase balance protection, power monitoring, waveshape 
monitoring, and remote monitoring and control. These features vary by product and 
manufacturer. Basic trip unit functions are the same as in the electronic trip unit. 
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Table 7-4—Preferred ratings for low-voltage ac power circuit breakers 
without instantaneous direct-acting phase trip elements 
(short-time delay element or remote relay)® 


Three-phase Range of trip-device current ratings (A)? 

Rated Insulation | short-circuit 

maximum | (dielectric) current Frame size Setting of short-time-delay trip element 

voltage withstand rating (A) 

(V) (V) (symmetrical Minimum time | Intermediate | Maximum time 
Ayre band time band band 


14 000 100-225 125-225 150-225 
22 000 175-600 200-600 250-600 
22 000 175-800 200-800 250-800 
42 000 350-1600 400-1600 500-1600 
42 000 350-2000 400-2000 500-2000 
65 000 2000-3000 2000-3000 2000-3000 
65 000 2000-3200 2000-3200 2000-3200 
85 000 4000 4000 4000 
22 000 100-225 125-225 150-225 
30 000 175-600 200-600 250-600 
30 000 175-800 200-800 250-800 
50 000 350-1600 400-1600 500-1600 
50 000 350-2000 400-2000 500-2000 
65 000 2000-3000 2000-3000 2000-3000 
65 000 2000-3200 2000-3200 2000-3200 
85 000 4000 4000 4000 
25 000 100-225 125-225 150-225 
42 000 175-600 200-600 250-600 
42 000 175-800 200-800 250-800 
65 000 350-1600 400-1600 500-1600 
65 000 350-2000 400-2000 500-2000 
85 000 2000-3000 2000-3000 2000-3000 
85 000 2000-3200 2000-3200 2000-3200 
130 000 4000 4000 4000 


“See IEEE Std C37.13-1990 and ANSI C37.16-2000. 

>Short-circuit ratings for breakers without direct-acting trip devices, opened by a remote relay, are the same as 
ratings listed in this column. 

Ratings in this column are rms symmetrical values for single-phase (two-pole) circuit breakers and three-phase 
average rms symmetrical values of three-phase (three-pole) circuit breakers. When applied on systems where 
rated maximum voltage may appear across a single pole, the short-circuit current ratings are 87% of these 
values. See 5.6 in IEEE Std C37.13-1990. 

The continuous-current-carrying capability of some circuit-breaker-trip-device combinations may be higher 
than the trip-device current rating. See 10.1.3 in IEEE Std C37.13-1990. 
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Table 7-5—Preferred ratings for integrally fused low-voltage ac power circuit breakers with 
instantaneous direct-acting phase trip elements® 


Circuit breaker 
frame size 
(A)? 


Rated 
maximum 
voltage 
(v)° 


Insulation 

(dielectric) 

withstand 
(Vv) 


Three-phase 
short-circuit 
current rating 
(A, sym)4 


200 000 


Range of continuous-current rating 


(A) 


Range of trip- 
device current 
ratings 
(A)® 


125-600 


Maximum fuse 
rating 


200 000 


125-800 


200 000 


200-1600 


“See IEEE Std C37.13-1990 and ANSI C37.16-2000. 

>Two circuit-breaker fram ratings are used for integrally fused circuit breakers. The continuous-current rating of the in- 
tegrally fused circuit breaker is determined by the rating of either the direct-acting trip device or the current-limiting fuse 
applied to a particular circuit-breaker frame rating, whichever is smaller. 

Listed values are limited by the standard voltage rating of the fuse. 

Ratings i in this column are rms symmetrical values for single-phase (two-pole) circuit breakers and three-phase average 
rms symmetrical values of three-phase (three-pole) circuit breakers. When applied on systems where rated maximum 
voltage may appear across a single pole, the short-circuit current ratings are 87% of these values. See 5.6 in IEEE 
Std C37.13-1990. 
°The continuous-current-carrying capability of some circuit-breaker-trip-device combinations may be higher than the 
trip-device current rating. See 10.1.3 in IEEE Std C37.13-1990. Lower rated trip-device current ratings may be used 
when the fuse size is small or the available current is low, or both. The manufacturer should be consulted. 

‘Fuse current ratings may be 300 A, 400 A, 600 A, 800 A, 1000 A, 1200 A, 1600 A, 2000 A, 2500 A, and 3000 A. Fuses 
are current-limiting. 
SValues have not yet been determined; the manufacturer should be consulted. 
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Figure 7-3 —Thermal-magnetic trip MCCB 
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thermal-magnetic circuit breakers 
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Figure 7-5—Electronic trip unit with long-time, short-time, instantaneous, 
and ground-fault adjustments 


Zone selective interlocking (ZSI) is defined as a function provided for rapid clearing while 
retaining coordination. The function is a communication interconnection between the 
electronic trip units of two or more circuit breakers connected in series on multiple levels. By 
means of intercommunication between the short-time delay and/or ground-fault elements, the 
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breaker nearest the fault trips with minimum time delay while signaling the supply-side 
circuit breakers to delay for a predetermined period. Synonyms are zone interlocking and 
selective interlocking. 


Contrasted with traditional systems in which short-time delay is set for selective coordination 
and should time out before tripping occurs, the selectively interlocked system substantially 
reduces the potentially damaging energy delivered to a fault because delay in tripping is not 
introduced beyond any setting present on the circuit breaker closest to the fault. 


When harmonics or other nonlinear conditions are potentially present, the sensing systems in 
the various trip unit types react in different ways. Bimetals and similar thermal elements in 
thermal magnetic trip units react directly to PR heating and provide true rms current sensing. 
Some electronic trip units provide high accuracy in sensing true rms current by combining 
high frequency current sampling with internal software that calculates rms values. Such 
devices may be preferred where overload protection is a concern. Analog and peak-sensing 
digital electronic trip units may not provide an accurate rms measurement where a high 
power content of harmonics or other disturbances are present, but may be quite suitable when 
high fault protection is of concern. Manufacturers’ specifications may help in identifying the 
capability of a particular trip unit. Trip units that are less accurate in rms sensing are likely to 
trip at lower-than-expected 60 Hz fundamental current values due to nonsinusoidal 
conditions. 


7.5.1 Time-current characteristic (TCC) curves 


The TCC curve depicts the time required for a circuit breaker to open automatically versus 
the current through it. The curve is principally a function of the type of trip unit and its set- 
tings. The inverse-time characteristic is intended to protect conductors. The inverse-time 
characteristic derives its name from the inverse proportionality of time to operate versus mag- 
nitude of current flowing through the circuit breaker. In other words, opening is faster when 
the overcurrent condition is higher. 


The curve (see Figure 7-6, Figure 7-7a, and Figure 7-7b) may conveniently be separated into 
three regions: 


— Long-time, in which opening is timed in minutes up to a maximum of | hour or 
2 hour—depending on the circuit breaker size and the degree of overcurrent—to pro- 
vide an inverse-time characteristic. The provided time delay allows intermittent or 
cyclical loads above the pickup current to be carried without causing an interruption. 
It trips on sustained overcurrent to protect conductors and other equipment. 

— __ Short-time, in which opening is timed in seconds or tenths of seconds. Overcurrents 
might be in the range expected in the case of a motor locked rotor or an arcing ground 
fault. Time delay in this region allows for starting and inrush transient currents or for 
selective coordination with supply-side or load-side devices. 

— Instantaneous, in which opening is not intentionally delayed and is timed in millisec- 
onds. Typical operation is a result of short circuit from a bolted fault. 
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Figure 7-6—Typical TCC curve for a three-pole 600 A frame size MCCB in 
open air at rated temperature, usually 40 °C 


Time current curves are excellent engineering tools when time and current are the primary 
factors. In the short-circuit region, other factors (e.g., power factor, instant of fault initiation, 
number of poles or phases in the fault, behavior of other equipment in the circuit) can also 
affect reaction and clearing time. Commonly available curves drawn in accordance with 
NEMA AB 1-1986 show a wide band of clearing time for multiple pole interruption that 
includes the effect of these factors. 


The continuous-current rating may be fixed or adjustable. Some designs may require replac- 
ing all or part of the trip unit to change the continuous rating. Overcurrent trip characteristics 
are a function, multiple, or percentage of the continuous-current rating. 


7.5.1.1 Thermal-magnetic trip unit characteristic 


A typical TCC curve for a thermal-magnetic MCCB is depicted in Figure 7-6. This particular 
curve is for a 600A frame in ratings of 125A to 600A at the typical rated operating 
temperature of 40 °C. It indicates the operating time from a cold (40 °C) start at initiation of 
an overcurrent to clearing. The operating time varies inversely with current level. The shaded 
band covers manufacturing tolerances and other variables of a typical installation. 


Regarding operating temperature, NEMA AB 3-1991 states “Molded-case circuit breakers 
are calibrated at 100 percent of rated current in open air for a given ambient temperature usu- 
ally 25 °C or 40 °C. Where the ambient temperature is known to differ significantly from the 
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Figure 7-7a—Typical TCC curve for electronic trip circuit breaker (/ 2 OUT); 
adjustable functions identified 


calibration temperature, the breaker used should be specifically calibrated for that ambient or 
be re-rated accordingly. When the expected range of ambient air temperature around the cir- 
cuit breaker is lower than —5 °C or higher than 40 °C, breaker operation may be affected.” 


The long-time region at the upper end of the curve is determined by deflection of a bimetal or 
similar thermal element reacting to PR heating caused by the overcurrent condition. The 
long-time band is fixed, and adjustments are not provided for thermal-magnetic circuit 
breakers. 


In the instantaneous region at the bottom of the curve, operation is with no intentional delay. 
Tripping action of the mechanism is typically caused by an electromagnet in the trip unit 
energized by the fault current. The operating time includes mechanical reaction and arc clear- 
ing time and is a maximum at the line so labeled on the curve. Contacts of current-limiting 
circuit breakers open directly due to forces caused by fault current and are independent of the 
multipole operating mechanism. The operating mechanism responds several milliseconds 
after the contacts of poles carrying fault current are forced open so that the mechanism opens 
all poles of the circuit breaker and holds contacts open after clearing the fault. The mecha- 
nism operating time is not a factor in clearing time for these rapidly operating circuit 
breakers. 
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For the thermal-magnetic circuit breaker, no true short-time region exists as does for circuit 
breakers with electronic trip units. For many thermal-magnetic circuit breakers such as the 
one in Figure 7-6, the instantaneous tripping current level (or magnetic tripping level) can be 
adjusted higher or lower. A typical adjustment is pictured in Figure 7-4. In Figure 7-6, two 
curves are shown, one with adjustment at low (minimum) setting and the second with the 
adjustment at high (maximum) setting. This adjustment helps to set instantaneous tripping 
above starting or inrush transients. 


Some magnetic instantaneous elements are peak sensitive even though rms calibrated. Where 
harmonics are present, care should be used. 


7.5.1.2 Electronic trip unit characteristic 


Figure 7-7a and Figure 7-7b depict typical TCC curves for electronic trip units with the five 
most common adjustments: long-time current pickup, long-time delay, short-time pickup, 
short-time delay, and instantaneous pickup. 


— For a given frame rating, the long-time current pickup (sometimes called current 
setting), in addition to the rating plug selected, determines the current rating of the 
circuit breaker. This function determines the current at which the tripping function 
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picks up and begins timing. The means of pickup setting adjustment should be 
located behind a sealable cover or otherwise restricted to qualified personnel in order 
to be considered the rating under NEC Article 240-6. 


— The long-time delay can be adjusted to enable the system to withstand temporary 
overloads before tripping. This setting varies the time that the circuit breaker carries a 
given overload. 


— The short-time pickup determines the current level at which the short-time tripping 
function begins timing. 


— The short-time delay setting determines the time delay for any current level above the 
pickup before tripping. The short-time characteristic is provided primarily for 
selective coordination with load-side circuit breakers or fuses. The short-time (or 
withstand) rating establishes the capability of the circuit breaker to withstand forces 
and heat associated with the time delay with currents above the short-time pickup 
current level. 


— The instantaneous pickup sets the current level at which the trip unit initiates instan- 
taneous tripping. The instantaneous feature may not be provided or may be switched 
off on some circuit breakers to make full use of the short-time feature for selective 
coordination. Although instantaneous tripping has no intentional delay, time to 
pickup is typically 033s within the instantaneous trip band and 011s for higher 
short-circuit currents. Clearing time is in addition to the pickup time. 


Further refinement of the electronic trip unit’s short-time delay characteristic for overcurrent 
protection or the ground-fault time-delay characteristic may be obtained by shaping part of 
the response curve as an inverse function of the Pt, illustrated by the sloping portion of 
Figure 7-7a and Figure 7-7b. This response curve provides greater selectivity with load-side 
thermal-magnetic circuit breakers or fuses that have a similarly sloping response curve. 


The most full-featured trip units may include the five most common adjustments plus ground- 
fault pickup and delay adjustments plus communication features described for the 
communicating electronic trip unit (see 7.5). Specifications should call out the functions that 
are necessary on a particular installation. Specific manufacturers’ literature should be 
consulted for guidance on individual units. 


7.5.1.3 Ground-fault TCC 


Electronic trip units in low-voltage circuit breakers may also provide TCCs illustrated by 
Figure 7-8a and Figure 7-8b for equipment ground-fault protection to meet the requirements 
of NEC Article 215-10 and Artcile 230-95. NEC requirements establish the maximum 
current setting of the ground-fault device at 1200 A and, in addition, limit the maximum time 
delay to 1 s for fault currents equal to or greater than 3000 A. Selectivity is enhanced by the 
presence of an optional trip unit adjustment that provides inverse ground-fault TCCs 
illustrated by the sloping portion of the curve in Figure 7-8b. While this chapter refers to 
ground-fault protection with regard to circuit breaker application, Chapter 8 gives a more 
complete treatment of the subject. 
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Figure 7-8a—Ground-fault TCC curve (/ 2t OUT) for electronic trip 
circuit breaker 
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Figure 7-8b—Ground-fault TCC curve (/ 2t IN) for electronic trip circuit breaker 


Typical adjustments are ground-fault current pickup and time delay. Neutral current sensors 
are available as an external accessory for most circuit breakers with ground-fault protection 
so that neutral current can be summed vectorially with phase current. 
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7.5.1.4 Separate protective relays 


LVPCBs are also applied with shunt trip devices and separate protective relays, both for 
overcurrent and ground-fault protection. These applications are identical to the applications 
covered in Chapter 4 and Chapter 8 and are not discussed further in this chapter. 


7.6 Application 


Consideration of all the factors related to proper application of a low-voltage circuit breaker 
goes beyond voltage, current, and interrupting rating. The performance of a specific type of 
circuit breaker may be influenced by nonelectrical factors related to the installation 
environment, such as ambient temperature, humidity, elevation, or presence of contaminants. 
Enclosure type and size, service conditions, loads and their characteristics, outgoing 
conductors, characteristics of the electrical distribution system, other protective devices on 
the line side and load side of the circuit breaker under consideration, and even frequency of 
operation and maintenance should all be taken into account. For this chapter, application 
considerations are limited to conditions involving abnormal current and to providing 
protection and selective coordination under these conditions. 


7.6.1 Protection 


The function of system protection may be defined as the detection and prompt isolation of the 
affected portion of the system when a short circuit or other abnormality occurs that might 
cause damage to, or adversely affect, the operation of any portion of the system or the load 
that it supplies. 


Treatment of the overall problem of system protection and coordination of electrical power 
systems is restricted to the selection, application, and coordination of devices and equipment 
whose primary function is the isolation and removal of short circuits from the system. Short 
circuits may be phase-to-ground, phase-to-phase, phase-to-phase-to-ground, three-phase, or 
three-phase-to-ground. Short circuits may range in magnitude from extremely low-current 
faults having high-impedance paths to extremely high-current faults having very low- 
impedance paths. However, all short circuits produce abnormal current flow in one or more 
phase conductors or in the ground path. Such disturbances should be detected and safely 
isolated . 


Two types of overcurrent protection are emphasized: phase-overcurrent and ground-fault. At 
the present state of the art, phase-overcurrent conditions are detected on the basis of their 
magnitudes. Response time is dependent upon the particular overcurrent TCC curve. Ground- 
fault currents of a sufficient magnitude may be detected by phase-overcurrent devices. 
Currents below the minimum current sensitivity of phase-overcurrent devices, such as arcing 
ground faults, are not cleared. A separate means (either internal to the circuit breaker or 
externally mounted) should be provided to detect these low-level arcing ground faults. This 
means of detection commonly consists of current sensors that monitor each phase and the 
grounding conductor separately or one current sensor that monitors all phase conductors. A 
single current sensor that monitors the ground-fault current in a transformer or generator 
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neutral grounding conductor may be used. Refer to NEMA PB 2.2-1988 for the application 
of ground-fault protective devices for equipment. Circuit breakers have the advantage of 
providing a convenient means for opening all phase conductors in response to a signal from 
either the phase-overcurrent or ground-fault detection device. They have the additional 
advantage of having the current sensors and logic circuitry located internally within the 
breaker. This location minimizes the need to make external connections to control 
components. 


A fundamental rule necessary for system protection is to apply circuit breakers within their 
interrupting or short-circuit current ratings. The determination of available short-circuit cur- 
rent at the various levels throughout the electrical distribution system is a necessary step to be 
completed prior to selecting circuit breakers for system protection. (Chapter 2 discusses 
methods of calculating available short-circuit current.) MCCBs are available with various 
interrupting ratings in the same physical frame size. Selection by frame size or continuous- 
current rating alone is not sufficient; the interrupting rating should also be considered. 


Current-limiting fuses, integrally fused circuit breakers, or current-limiting circuit breakers 
may be provided to lower the let-through short-circuit current. Curves depicting let-through 
current and /’t are available from manufacturers to assist in the application of these circuit 
breakers as shown in Figure 7-9a and Figure 7-9b. 
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Figure 7-9a—Limited peak let-through current characteristics 


An alternate method is the series connection of MCCBs, that is, two MCCBs electrically in 
series sharing fault interruption duties. This protection scheme is viable, provided perfor- 
mance is verified by testing. UL presently recognizes series-connected short-circuit ratings 
and prescribes test procedures to verify performance. Series ratings are a consequence of cer- 
tain tests that are defined by UL standards, and only combinations of devices that have been 
appropriately tested should be used in series applications. See Figure 7-10 for an example of 
a test setup. Selectivity is not provided at any current level where the breaker trip characteris- 
tic curves overlap, that is, both circuit breakers trip. Series-connected ratings should be based 
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Figure 7-9b—Limited let-through /t characteristics 


on tests and are only valid for the specific circuit breaker types listed in the test reports. 
Individual manufacturer’s series-connected ratings may be found in the UL Recognized Com- 
ponent Directory. Fuse and breaker coordinated combinations are also tested by UL and are 
applicable within their established ratings. 
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Figure 7-10—Series connection test circuit from UL 489-1996 
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Determination of available fault-current levels, specification of circuit breakers and associ- 
ated equipment rated for those levels, and inspection to verify that properly rated equipment 
has been installed satisfy the basic requirement of providing adequately rated equipment for 
system protection. 


Selection of appropriate trip unit functions and their settings to provide protection and coor- 
dination is the next consideration. Basic rules applicable to phase overcurrent protection are 
as follows: 


a) Select continuous-current ratings and pickup settings of long-time delay characteris- 
tics, where adjustable, that are no higher than necessary without causing nuisance 
tripping and that meet applicable code requirements. The amount of time delay pro- 
vided by the long-time delay characteristics should be selected to be no higher than 
necessary to override transient overcurrents associated with the energizing of load 
equipment and to coordinate with downstream protection devices. 

b) Take advantage of the adjustable instantaneous trip characteristic on MCCBs and 
LVPCBs. Set the instantaneous trip no higher than necessary to avoid nuisance trip- 
ping. Be sure that instantaneous trip settings do not exceed the maximum available 
short-circuit current at the location of the circuit breaker in the system. This point is 
frequently overlooked, particularly in service entrance applications. 

c) Provide ground-fault protection in accordance with the NEC, where required. 
Ground-fault current settings should be set to minimize hazard to personnel and dam- 
age to equipment. Time-delay adjustments of ground-fault protective devices should 
be set so that ground faults are cleared by the nearest device on the supply side of the 
ground fault. 


7.6.2 Selective coordination 


When protection is being considered, the performance of a circuit breaker with respect to the 
connected conductors and load is a primary concern. To achieve coordination, consideration 
is also given to the performance of a circuit breaker with respect to other protective devices 
on the supply side or load side of it. The objective in coordinating protective devices is to 
make them selective in their operation with respect to each other. In so doing, the effects of 
short circuits on a system are reduced to a minimum by disconnecting only the affected part 
of the system. Stated another way, only the circuit breaker nearest the short circuit should 
open, leaving the rest of the system intact and able to supply power to the unaffected parts. 
Chapter 15 covers the general subject of coordination in detail. 


Generally, coordination is demonstrated by plotting the TCC curves of the circuit breakers 
involved and by making sure that the curves of adjacent circuit breakers do not overlap, as 
illustrated in Figure 7-11. Often selective coordination is possible only when circuit breakers 
with short-time delay characteristics are used in all circuit positions except the one closest to 
the load. This setting arrangement is particularly true when little or no circuit impedance 
exists between successive circuit breakers. This condition often exists in a main switchboard 
or load center unit substation between the main and feeder circuit breakers. In these cases, for 
all levels of possible short-circuit current beyond the load terminals of the feeder circuit 
breakers selectivity requires that the main circuit breaker be equipped with a combination of 
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long-time delay and short-time delay trip characteristics. The withstand rating of associated 
circuit components and assemblies should not be exceeded. Moving toward the load, on 
many feeder circuits sufficient impedance exists in the distribution system to appreciably 
lower the available short-circuit current at the next load-side level circuit breaker. If the avail- 
able short-circuit current at this circuit breaker is less than the instantaneous trip setting of the 
feeder circuit breaker, then selectivity is achieved (see Figure 7-12). 
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Figure 7-11 —Coordinated tripping by overlapping TCC curves 


The preceding discussion forms the basis for judging selective coordination between two 
circuit breakers in series. If the fault current being interrupted by a circuit breaker flows 
through the line-side circuit breaker for a period equal to or greater than its tripping time, the 
line-side circuit breaker trips. Under these conditions, the circuit breakers are not selective. 
However, if because of impedance between the circuit breakers, the maximum current that 
can flow during short-circuit conditions is insufficient to initiate tripping of the line-side 
circuit breaker, selectivity exists. An alternate method of achieving selective coordination is 
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Figure 7-12— Coordinated tripping due to impedance in circuit 


by selective interlocking of two or more levels of electronic trip units in a system. In a 
selectively interlocked system, the circuit breaker nearest to and toward the supply side of the 
fault senses the fault and signals other line-side circuit breakers that it is tripping. That signal 
restrains circuit breakers farther to the line-side from reacting until they time out according to 
their settings. Because it does not receive such a restraining signal from a load-side circuit 
breaker, the circuit breaker nearest the fault continues to trip with minimum delay. This 
method significantly limits the damaging energy delivered to a fault by permitting the circuit 
breaker nearest the fault to react without the short-time delay that is necessary to provide 
coordination by the time and pickup level method. The limitation of fault energy is even 
greater when the circuit breakers involved are current-limiting. Some circuit breakers with 
electronic trip units incorporate an instantaneous override set above their tripping 
characteristic for self protection. If fault current through the circuit breaker reaches this level, 
the circuit breaker trips with no intentional delay even in selectively interlocked systems. 
This feature should be considered in selectivity studies. 


7.6.3 Power factor considerations 


Normally the short-circuit power factor of a system need not be considered when applying 
either LVPCBs or MCCBs. This practice is based on the fact that the test circuit power factors 
on which ratings have been established are considered low enough to cover most 
applications. Test circuits with lagging power factors no greater than in Table 7-6 are used to 
establish interrupting ratings. 


Where the power factor or X/R ratio for a specific system has been determined and is more 
inductive than the power factor used to establish the interrupting rating, the multiplying factor 
tabulated in Table 7-7 may be applied to the calculated, available short-circuit current. These 
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Table 7-6—Test circuit power factors 


Lagging power factor (%) 


Available short-circuit 
current LVPCB 
(A, rms symmetrical) 


Unfused? 


10 000 or less 


10 001-20 000 


over 20 000 


2UL 489-1991. 
DANSI C37.50-1989. 


multiplying factors adjust the short-circuit current to a value equal to the maximum transient 
offset in the initial half-cycle of short-circuit current flow using the relation in Elements of 
Power System Analysis (see Stevenson[B7]), as follows: 


V Skt 
i(t) = aa sin(@t+a—0)—e ~ sin(a— 0| 
where 
t is time and is 0 when voltage is applied, 
(07 is the electrical angle after ¢ = 0 at which point the circuit is closed, 
0 is the power angle and equals tan” !(@L/ R), 
Z ~~ is N(R’ +(@L)’). 


By making the simplifying assumption that the circuit is closed at a time t = 0 when the 
instantaneous voltage is zero, the following multiplier is derived: 


—1R 


[ ae Jere 
MULT = 


-mR 
[: a Jresr 


where 


CIRC is the circuit under consideration, 
TEST is the circuit used to test the circuit breaker. 
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Table 7-7 —Short-circuit current multiplying factor for circuit breakers 


Power 
factor 
(%) 


XIR ratio 


MCCB interrupting rating (rms 


symmetrical A) 


LVPCB 


10 001 to 
20 000 


Short circuit current multiplying factor 


10 000 or less 


over 20 000 


Unfused 


Fused 
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These multiplying factors are based on calculated values for peak currents rather than on lab- 
oratory tests. Individual manufacturers may have additional information. 


For example, consider a 225 A MCCB with an interrupting rating of 35 000 A to be applied 
on a circuit with a short-circuit availability of 24 000 A and a power factor of 10%. Select the 
multiplying factor of 1.13 and multiply the 24 000 A short circuit by it to arrive at the new 
short circuit of 27 100 A. In this case, the MCCB is suitable for the 27 100 A short circuit 
because of its 35 000 A rating. 


7.6.4 Voltage considerations 


The most common industrial and commercial utilization voltage by far is the solidly 
grounded 480 Y/277 V system. Yet, a number of 600 V and 480 V delta systems are in service 
of both ungrounded and corner-grounded configurations. Further, a growing number of 
industrial systems are using resistance-grounded 480 Y/277 V systems. 


Special attention should be given to resistance-grounded wye systems and delta systems with 
respect to ground faults and single-pole interrupting performance. Consider the single fault to 
ground in View (a) of Figure 7-13 and the double fault to ground in View (b) of Figure 7-13 
in delta systems. In each case, the voltage across the interrupting pole is just below line-to- 
line voltage. The magnitude of the fault depends on the prospective current and the value of 
the impedances to ground at the respective faults. 


am (a) CORNER GROUNDED 
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eh] 


Figure 7-13—Systems requiring special consideration for single-pole faults 


Then, consider the resistance-grounded wye system in View (c) of Figure 7-13. With a single 
fault to ground, the fault current is severely limited by the resistance grounding connection. 
With two faults to ground, voltage across the interrupting pole is at some value between 
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phase voltage and line voltage. Again, the magnitude of the fault depends on the prospective 
current and the value of the impedances to ground at the respective faults. 


For the systems shown in Figure 7-13, straight-rated (or delta-rated) circuit breakers should 
be used. Referring to Table 7-8 and testing standards, it is known that each circuit breaker 
pole is tested at phase voltage at full prospective current as part of the three-phase test. Also, 
each pole is tested individually at line voltage with test currents indicated in Table 7-8. When 
system conditions are beyond these test values, use of MCCBs tested specifically for corner- 
grounded delta systems and use of LVPCBs are options. 


Table 7-8—Single-pole short-circuit test values for MCCBs# 


Individual pole short-circuit test values 


Frame rating Two-pole circuit breaker Three-pole circuit breaker 


(A, rms sym) Voltage (A, rms sym) Voltage 


100 A maximum 
250 V maximum 


100 A maximum 
251-600 V Delta 


101-800 A 
Delta voltage 


800 A maximum 
480Y/277 V or 
600 Y/347 V 


801-1200 A 
Delta voltage 


801-1200 A 
480Y/277 V or 
600 Y/347 V 


1201-2000 A 
Delta voltage 


2001-2500 A 
Delta voltage 


2501-3000 A 
Delta voltage 


3001-4000 A 
Delta voltage 


4001-5000 A 
Delta voltage 


5001-6000 A 
Delta voltage 


“These test values are the minimum required for certification to UL 489-1991. They are not 
marked ratings and are printed here to aid the system designer who may need them for single- 
phase short-circuit analysis. Single-pole circuit breakers are tested at values equal to their 
interrupting ratings. 


Copyright © 2001 IEEE. All rights reserved. 225 


IEEE 
Std 242-2001 CHAPTER 7 


Table 7-9 is provided as a guide for applying the appropriate voltage rating of the MCCB to 
each system. 


Table 7-9—MCCB voltage rating by system configuration 


System configuration Three-pole MCCB voltage rating 


Voltage Grounding 480Y/277 600Y/347 600 


480Y/277 Solid 


480Y/277 Resistance 


480 Ungrounded 


480 Corner ground 


600 Y/347 Solid 


600 Ungrounded 


600 Corner ground 


*Codes and standards allow 480 V rated MCCBs in these applications. Some manufactur- 
ers provide MCCBs specially rated for the corner-grounded delta system to satisfy user 
preference. These ratings may also be applied to resistance-grounded wye systems. 
LVPCBs are also an option. 


Individual poles of multipole MCCBs are tested at short-circuit levels indicated in Table 7-9 
for all values of multipole interrupting ratings. These tests are in addition to multipole tests in 
which the individual poles are required to interrupt under transient conditions that are more 
demanding than single-phase tests of the same pole at phase voltage. 


7.7 Accessories 


Accessories most commonly available are the shunt trip, undervoltage trip, alarm switch, and 
auxiliary contacts. Ratings and operating characteristics are specific by manufacturer. Some 
accessories are provided for field installation by qualified electricians. Accessories should be 
specified by the manufacturer for the specific circuit breaker. 


7.8 Conclusions 
The following considerations apply to low-voltage circuit breakers for system protection: 


a) They combine a switching means with an overcurrent protective device in a compact, 
generally self-contained unit. 
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b) No exposure to live parts is involved during operation when installed in an approved 
enclosure. 


c) They are resettable. Normally after tripping (and removal of the fault or overload that 
caused tripping), service may be restored without replacing any part of the assembly. 
Inspection of the circuit breaker assembly after fault current interruption is required 
to verify suitability to return the circuit breaker and/or other parts of the system to 
service. Inspection of the circuit breakers may require replacement of fuses or fuse 
assemblies after interruption of high-magnitude fault currents. In LVPCBs, most 
designs allow for replacing components, such as contacts or arc chutes, using instruc- 
tions from the manufacturer. 


d) They provide simultaneous disconnection of all phase conductors. 


e) High short-circuit interrupting ratings, the availability of current-limiting circuit 
breakers, and series-connected interrupting ratings permit application on systems 
with high available fault currents. 


f) The advent of highly complex and technologically advanced electronic trip units has 
increased circuit breaker versatility and made selective coordination easier. 


g) Selection of MCCBs should include consideration of interrupting rating because 
more than one interrupting rating may be available in the same frame size. 


h) Selective coordination of ground-fault protective devices requires time-delay and 
pickup adjustments and may be enhanced by the presence of adjustments that provide 
inverse TCCs. 


7.9 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ANSI C37.13-1990 Low Voltage AC Power Circuit Breakers Used in Enclosures.” 


ANSI C37.16-2000, American National Standard Preferred Ratings, Related Requirements, 
and Application Recommendations for Low-Voltage Power Circuit Breakers and AC Power 
Circuit Protectors. 


ANSI C37.50-1989, American National Standard for Switchgear— Low-voltage AC Power 
Circuit Breakers Used in Enclosures—Test Procedures. 


IEEE Std 141-1993, IEEE Recommended Practice for Electric Power Distribution for Indus- 
trial Plants (Red Book). 


ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 
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TEEE Std C37.100-1992, IEEE Standard Definitions for Power Switchgear? 

NEMA AB 1-1986, Molded-Case Circuit Breakers bi 

NEMA AB 3-1991, Molded-Case Circuit Breakers and Their Application. 

NEMA PB 2.2-1988, Application Guide for Ground Fault Protective Devices for Equipment. 
NFPA 70-1999, National Electrical Code® (NEC®).° 

UL Recognized Component Directory (Yellow Book), 2001 i 


UL 489-1996, Molded-Case Circuit Breakers, Molded-Case Switches, and Circuit-Breaker 
Enclosures, Ninth Edition. 
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Chapter 8 
Ground-fault protection 


8.1 General discussion 


In recent years, interest has been increasing in the use of ground-fault protection in electric 
distribution circuits. One reason for this intensified interest is that ground-fault protection is 
required by the National Electrical Code® (NEC®) (NFPA 70-1999)! on certain service- 
entrance equipment (see Article 230-95), feeders (see Article 215-10), and remote structures 
(see Article 240-13) and recommended in NEMA PB 2.2-1999. Further evidence of this 
interest can be found in the number of feature articles dealing with this subject in today’s 
electrical indoor distribution, construction, and consulting engineering press. These articles 
and the unusual interest in ground-fault protection are a reaction to a disturbing number of 
electric failures. One editor reports the cost of arcing faults as follows: “One five-year 
estimate places the figure between $1 billion and $3 billion annually for equipment loss, 
production downtime, and personal liability” (see O’Connor [B35]). Manufacturers of 
ground-fault protection devices have improved the devices and increased the range of devices 
available so that designers can now confidently apply the devices to isolate damage and avoid 
unnecessary outages. This chapter explores the need for better ground-fault protection, 
pinpoints the areas where that need exists, and discusses the solutions that are being applied 
today. 


Distribution circuits that are solidly grounded or grounded through low impedance require 
fast clearing of ground faults. This need for speed is especially true in low-voltage grounded 
wye circuits that are connected to busways or long runs of metallic conduit. The problem 
involves sensitivity in detecting low ground-fault currents as well as coordination between 
main and feeder circuit protective devices. 


The concern for ground-fault protection is based on four factors: 


— The majority of electric faults involve ground. Even faults that are initiated phase to 
phase spread quickly to any adjacent metallic housing, conduit, or tray that provides a 
return path to the system grounding point. Ungrounded systems are also subject to 
ground faults and require careful attention to ground detection and ground-fault 
protection. 

— The ground-fault protective sensitivity can be relatively independent of continuous- 
load current values and, therefore, have lower pickup settings than phase protective 
devices. 

— Because ground-fault currents are not transferred through system power transformers 
that are connected delta-wye or delta-delta, the ground-fault protection for each 
system voltage level is independent of the protection at other voltage levels. This 
configuration permits much faster relaying than can be afforded by phase-protective 
devices that require coordination using pickup values and time delays that extend 


‘Information on references can be found in 8.7. 
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from the load to the source generators and often result in considerable time delay at 
some points in the system. 
— _ Arcing ground faults that are not promptly detected and cleared can be destructive. 


Much of the present emphasis on ground-fault protection centers on low-voltage circuits, 
600 V or less. Low-voltage circuit protective devices have usually involved fused switches or 
circuit breakers with integrally mounted series tripping devices. These protective elements 
are termed overload or fault overcurrent devices because they carry the current in each phase 
and clear the circuit only when the current reaches a magnitude greater than full-load current. 
To match insulation damage curves of conductors and to accommodate motor and trans- 
former inrush currents, phase-overcurrent devices are designed with inverse characteristics 
that are slow at overcurrent values up to about five times rating. For example, a 1600 A 
low-voltage circuit breaker with conventional phase protection clears a 3200 A fault in about 
100 s, although it can be adjusted in a range of roughly 30s to 200 s at this fault value. A 
1600 A fuse may require 10 min or more to clear the same 3200 A fault. These low values of 
fault currents are associated predominantly with faults to ground and generally have received 
little attention in the design of low-voltage systems until the occurrence of a number of seri- 
ous electric failures in recent years. Arcing fault phenomena surfaced in the late 1940s and 
early 1950s with the advent of 480Y/277 V systems. In contrast, on grounded systems of 
2400 V and above, applying some form of ground-fault protection has long been standard 
practice. 


This chapter is primarily directed to ground-fault protection of major portions of circuits and 
equipment. The discussions relate to various forms of ground-fault protection to prevent 
excessive damage to electrical equipment with current sensitivity in the order of amperes to 
hundreds of amperes. 


Although its purpose is to disconnect faulty parts of an electric system, to preserve service 
continuity in other parts, and to limit ejection of gases and molten metal or to localize faults, 
ground-fault protection does not satisfy rigid requirements regarding employee flash hazard 
protection, shock hazards, or touch potentials that are designed for protection of people and 
necessitate milliampere sensitivity and may only be feasible for small loads. 


The action initiated by ground-fault sensing devices should vary depending on the 
installation. In some cases, such as services to dwellings, immediately disconnecting the 
faulted circuit may be necessary to prevent loss of life or property. However, the opening of 
some circuits in critical applications may in itself endanger life or property. Therefore, each 
particular application should be studied carefully before selecting the action to be initiated by 
the ground-fault protective devices. 


8.2 Types of systems relative to ground-fault protection 


A comprehensive discussion of grounded and ungrounded systems is given in Chapter | of 
TEEE Std 142-1991. When considering the choice of grounding, determining the types of 
ground-fault protection available and their effect on system performance, operation, and 
safety are important. 
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An ungrounded system has no intentional connection to ground except through potential- 
indicating or potential-measuring devices or through surge protective devices. While a system 
is called ungrounded, it is actually coupled to ground through the distributed capacitance of 
its phase windings and conductors. 


A grounded system is intentionally grounded by connecting its neutral or one conductor to 
ground, either solidly or through a current-limiting impedance. Various degrees of grounding 
are used ranging from solid to high impedance, usually resistance. 


Figure 8-1 shows ungrounded and grounded systems and their voltage relationships. The 
terms solidly grounded and direct grounded have the same meaning, that is, no intentional 
impedance is inserted in the neutral-to-ground connection. 
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a) Ungrounded system, showing system capacitance to ground 
b) Grounded wye-connected system 
c) Grounded delta-connected system 


Figure 8-1—Voltages to ground under steady-state conditions 


8.2.1 Classification of system grounding 


The types of system grounding normally used in industrial and commercial power systems 
are 


— Solid grounding 
— Low-resistance grounding 
—  High-resistance grounding 


—  Ungrounded 
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Each type of grounding has advantages and disadvantages, and no one method is generally 
accepted. Factors that influence the choice include 


a) Voltage level of power system 

b) Transient overvoltage possibilities 

c) Type of equipment on the system 

d) Required continuity of service 

e) Caliber and training of operating and maintenance personnel 

f) Methods used on existing systems 

g) Availability of convenient grounding point 

h) The NEC 

i) Cost of equipment, including protective devices and maintenance 

j) Safety, including fire and shock hazard 

k) Tolerable fault damage levels 

1) Effect of voltage dips during faults 

m) Availability of high enough single-pole interrupting ratings on protective devices (see 
NEMA PB 2.2-1999) 


Many factors are involved in selecting grounding methods for the different voltage levels 
found in power distribution systems. IEEE Std 142-1991 discusses many of these factors in 
detail, while the following discussion mentions only the reasons that relate to ground-fault 
protection. 


8.2.2 Solid grounding 


Most industrial and commercial power systems are supplied from electric utility systems that 
are solidly grounded (see Figure 8-2). If the user must immediately convert to lower voltage, 
the power transformers typically have a delta-connected primary and a wye-connected sec- 
ondary that can again be connected solidly to ground. This configuration results in a system 
that can be conveniently protected against overvoltages and ground faults. The system has 
flexibility because the neutral can be carried with the phase conductors, and this feature per- 
mits connecting loads from phase to phase and from phase to neutral. 


a) Systems above 600 V. Ground relaying of medium-voltage and high-voltage systems 
that are solidly grounded has been successfully accomplished for many years using 
residually connected ground relays or zero-sequence sensing. The circuit breakers 
normally have current transformers (CTs) to provide the signal for the phase- 
overcurrent relays, and the ground-overcurrent relay is connected in the wye point 
(i.e., residual) to provide increased sensitivity for ground faults. Ground-fault magni- 
tudes usually are comparable to phase-fault magnitudes and are, therefore, easily 
detected by relays or fuses unless they occur in equipment windings near the neutral 
point. 

b) Systems 600 V and below. All 208 V systems are solidly grounded so that loads can 
be connected from line to neutral to provide 120 V service. Similarly, all 480 V sys- 
tems that are to serve 277 V lighting should also be solidly grounded. As a result of 
this requirement, 480 V systems in most commercial buildings and many industrial 
plants are solidly grounded. Even where 277 V lighting is not used, 480 V systems in 
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many industrial plants are solidly grounded to limit overvoltages and to facilitate 
clearing ground faults. 


GROUND-FAULT PROTECTION 


a 
3VL_ 
a a igen 
Z,+Zo+Zot+3Zeq 
V 
L-N 
: _ Veen 
Z,+Zo 
c 
Vi-n 2] 
|g (MAX) = —~>~— *!3 FAULT 
7 =) a |g (MIN) CAN BE VERY LOW DUE TO HIGH Z, 
VY s 
Z 


Figure 8-2—Direct or solid grounding (uses ground relays to trip) 


While higher voltage systems normally use relays with sensitive ground-fault elements, 
low-voltage systems usually use circuit breakers with integrally mounted trip devices in the 
phases or fusible switches with relays and shunt trips. Because solidly grounded low-voltage 
systems can experience relatively low ground-fault currents, sensitive ground-fault relays and 
trip devices have been developed for use with low-voltage circuit breakers and bolted pres- 
sure switches. 


One disadvantage of the solidly grounded 480 V system involves the high magnitude of 
destructive, arcing ground-fault currents that can occur. However, if these currents are 
promptly interrupted, the equipment damage is kept to acceptable levels. While low-voltage 
systems can be resistance-grounded, resistance grounding restricts the use of line-to-neutral 
loads. 


Another characteristic of solidly grounded 480 V systems is that the ground fault may cause 
immediate forced outages. If such outages cannot be tolerated, then either the 
high-resistance-grounded systems (without ground-fault tripping) or the ungrounded systems 
are used to delay the required outage for repairs. On the other hand, immediate removal of a 
faulty circuit is usually desirable. 


8.2.3 Low-resistance grounding 


The low-resistance-grounded system (see Figure 8-3) is similar to the solidly grounded sys- 
tem in that transient overvoltages are not a problem. Low-resistance grounding is used on 
medium-voltage systems, but not on low-voltage systems. The resistor is selected to limit 
ground-fault current magnitudes, but leave the current high enough to be detected by 
sensitive relays. The resistor is normally selected to limit ground fault in the range of 200 A 
to 500 A and is rated for approximately 10s. Higher rated resistors are necessary when a 
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number of relaying steps exist. Multisource system ground faults as high as 800 A to 1600 A 
can be anticipated. The magnitude of the grounding resistance is selected to allow sufficient 
current for ground-fault relays to detect and clear the faulted circuit. This type of grounding is 
used mainly in 2.4 kV to 13.8 kV systems, which often have motors directly connected. 
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Figure 8-3—Low-resistance grounding (uses ground relays to trip) 


The value of resistance also relates to the type of relaying and the percentage of motor 
windings that can be protected. Ground faults in wye-connected motors have reduced driving 
voltage as the neutral of the motor winding is approached; thus, ground-fault current 
magnitudes are reduced. 


8.2.4 High-resistance grounding 


High-resistance grounding (see Figure 8-4a and Figure 8-4b) limits first fault-to-ground cur- 
rents to very low values. The fault current magnitude is predictable regardless of the location 
of the fault because the grounding resistor inserted in the neutral is large compared to the 
impedance of the remainder of the ground-fault path. High-resistance grounding schemes, 
especially at medium voltages, connect a distribution transformer between the neutral and 
ground, with a resistor on the transformer secondary. The transformer primary is rated for 
line-to-line voltage, and a 240 V secondary limits the secondary voltage to a convenient 
139 V maximum. 


High-resistance grounding helps ensure a ground-fault current of known magnitude, making 
it possible to identify the faulted feeder with sensitive ground-fault relays, which are avail- 
able with fault sensitivity in the range of small fractions of an ampere. If the resistance is cho- 
sen so that the fault current is equal to or slightly larger than the charging current of the 
system, transient overvoltages are reduced. Charging current can be calculated or measured 
and is usually under 2 A for low-voltage systems and up to 5 A or 10 A for medium-voltage 
systems. 


Ground-fault currents of this magnitude seldom require immediate tripping. Thus high-resis- 
tance grounding can often maintain continuity of service under first ground-fault conditions 
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Figure 8-4a—High-resistance grounding (may use ground relays to 
alarm on first fault, trip on second fault) 
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until a favorable time for an outage to clear the fault, provided the cable carrying the fault is 
rated 173% of the voltage level. If a second ground fault occurs on another phase before the first 
fault is cleared, a phase-to-ground-to-phase fault occurs that is not limited by the neutral 
grounding resistor (see Figure 8-4b). The second fault may be an arcing fault, whose magnitude 
is limited by the ground-path impedance to a value high enough to cause severe arcing damage, 
but too low to activate the overcurrent devices quickly enough to prevent or limit this damage. 
For this reason, systems of 13.8 kV and higher generate too much heat to justify a delay in trip- 
ping. Two-level relays are available that alarm on first (or low) fault, but trip on second (or 
high) fault in time to prevent arcing burndowns. One final consideration for resistance- 
grounded systems is the necessity to apply overcurrent devices based on their single-pole 
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short-circuit interrupting rating, which can be equal to, or in some cases less than, their nor- 
mal rating (see IEEE Std 141-1993). 


8.2.5 Ungrounded systems 


Ungrounded low-voltage systems (see Figure 8-5a and Figure 8-5b) employ ground detectors 
(e.g., lamps or voltmeters connected from each phase to ground) to indicate a ground fault. 
These detectors show the existence of a ground on the system and identify the faulted phase, 
but do not locate the ground, which could be anywhere on the entire system. The system 
operates with the ground fault acting as the system ground point. The ground-fault current 
that flows is the capacitive charging current of the system, generally only a few amperes. 
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Figure 8-5a—Ungrounded system (uses bus ground detector to alarm and 
has potential for possible overvoltage problem) 
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Figure 8-5b—Ungrounded system with phase-to-ground-to phase fault 


If this ground fault is intermittent or allowed to continue, the system could be subjected to 
possible severe overvoltages to ground, which can be as high as six or eight times phase 
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voltage. Such overvoltages can puncture insulation and result in additional ground faults. 
These overvoltages are caused by repetitive charging of the system capacitance or by 
resonance between the system capacitance and the inductances of equipment in the system. 


A second ground fault occurring before the first fault is cleared results in a 
phase-to-ground-to-phase fault, usually arcing, with current magnitude large enough to do 
damage, but sometimes too small to activate the overcurrent devices in time to prevent or 
minimize damage. 


Ungrounded systems offer no advantage over high-resistance-grounded systems in terms of 
continuity of service and have the disadvantages of transient overvoltages, difficulty in locat- 
ing the first ground fault, and burndowns from a second ground fault. For these reasons, they 
are being used less frequently today than high-resistance-grounded systems, and existing 
ungrounded systems are often converted to high-resistance-grounded systems by 
resistance-grounding the neutral if it exists or, if the system is fed from a delta source, by cre- 
ating a neutral point with a zigzag or other transformer and then resistance-grounding it. 


Once the system is high-resistance-grounded, overvoltages are reduced; and modern, highly 
sensitive ground-fault protective equipment can identify the faulted feeder on first fault and 
open one or both feeders on second fault before an arcing burndown does serious damage. 
One final consideration for ungrounded systems is the necessity to apply overcurrent devices 
based upon their single-pole short-circuit interrupting rating, which can be equal to, or in 
some cases less than, their normal rating (see IEEE Std 141-1993). 


8.3 Nature, magnitudes, and damage of ground faults 


Ground faults on electric systems can originate in many ways, have a wide range of magni- 
tudes, and cause varying amounts of damage. The most serious faults from the standpoint of 
rate of eroded material are arcing faults, both phase to phase and phase to ground. 


8.3.1 Origin of ground faults 
Ground faults originating from insulation breakdown can be classified, roughly, as follows: 


a) Reduced insulation (e.g., due to moisture, atmospheric contamination, foreign 
objects, insulation deterioration) 

b) Physical damage to insulation system (e.g., due to mechanical stresses, insulation 
punctures) 

c) Excessive transient or steady-state voltage stresses on insulation 


Good installation and maintenance practices ensuring adequate connections and the integrity 
of the insulation of the equipment have a significant effect in reducing the probability of 
ground faults. However, insulation breakdowns to ground can occur at any point in the sys- 
tem where phase conductors are in close proximity to a grounded reference. The contact 
between the phase conductor and ground is usually not a firm metallic contact, but rather usu- 
ally includes an arcing path in air or across an insulating surface, or a combination of both. In 
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addition to these arcing ground faults, certain bolted faults occur, usually during installation 
or maintenance, when an inadvertent firm metallic connection is made from phase to ground. 


8.3.2 Magnitude of ground-fault currents 


Ground-fault current magnitudes can vary greatly. Using the method of symmetrical compo- 
nents (see Chapter 2), the single line-to-ground fault current [gp is calculated by the formula: 


1 3Vi_w 
GP 214 Za 4Lyt 3Zie 


Z\ is the positive-sequence impedance, 

Zy is the negative-sequence impedance, 

Zo is the zero-sequence impedance. 

Zg is the combined impedance of the ground return circuit, including the fault arc 


impedance, the grounding circuit impedance, and the intentional neutral impedance, 
when present. 


To illustrate how ground-fault currents can vary greatly in magnitude, consider a solidly 
grounded system with a bolted ground fault close to the generator terminals. In this example, 
Zg could approach zero; and, assuming Z; = Z> = Zp, then, 


which is actually the formula for a bolted three-phase fault. In fact, with many generators, 
because Zp is smaller than Z,, it is necessary to add an intentional neutral impedance Z, to 
reduce the bolted ground-fault current to the magnitude of the bolted three-phase fault 
current. 


For a ground fault in a high-resistance-grounded system, the neutral resistance Ry is large 
compared to Z;, Z), Zp, and the remainder of Zc. Then, Jgr is approximately equal to V;_y 
divided by Ry. 


For example, in a high-resistance-grounded 480 V system with a neutral resistance of 20 Q, 
the ground-fault current is 


Igor = see =14A 


This approximation is true because the fault arc impedances and the ground-circuit imped- 
ances are negligible when compared to 20 Q. 
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Precise calculation of low-voltage ground-fault current magnitudes in solidly grounded 
systems is much more difficult than the previous example. The reason is that the circuit 
impedances, including the fault arc impedance, that were negligible in the high-resistance 
example play an important part in reducing ground-fault current magnitudes. This applies 
even in most cases where a sizable grounding conductor is carried along with phase 
conductors. 


The primary consideration in applying ground-fault protection is whether a selectively coor- 
dinated system can be achieved and, if not, to establish the extent to which lack of selectivity 
is acceptable. 


The two main setting characteristics that need to be determined for ground-fault relays are 


— Minimum operating current 


— __ Speed of operation 


Selection of the minimum operating current (or pickup) setting is based primarily on the 
characteristics of the circuit being protected. If the circuit serves an individual load (e.g., a 
motor, transformer, heater circuit), then the pickup setting can be low, such as 5 A to 10 A. If 
the protected circuit feeds multiple loads, each with individual overcurrent protection [e.g., a 
panelboard, feeder duct, motor control center (MCC)], the pickup settings are higher. These 
higher settings (in the order of 200 A to 1200 A) are selected to allow the branch phase- 
overcurrent devices to clear low-magnitude ground faults in their respective circuits, if 
coordination is possible. Furthermore, low-level faults in some parts of the system may be 
self-extinguishing and, therefore, allow uninterrupted operation of other equipment. 


8.3.3 Damage due to arcing faults 


The arcing fault causes a large amount of energy to be released in the arcing area. The ionized 
products of the arc spread rapidly. Vaporization at both arc terminals occurs, and the erosion 
at the electrodes is concentrated when the arc does not travel. While the arc tends to travel 
away from the source, this movement does not necessarily occur at low levels of fault current 
or at higher levels of current in circuits with insulated conductors. If an arcing fault is allowed 
to persist indefinitely, it is a potential fire hazard, causes considerable damage, may result in a 
more extended power outage, and subjects nearby employees to burns from arc flash. 


Shunt trip fusible switches can be equipped with antisingle-phasing provisions that consist of 
installing small actuator fuses in parallel with the line fuses in the switch. When a line fuse 
opens, these fuses also open and subsequently close a contact to actuate a signal or 
switch-opening circuit to open all three poles of the switch. Figure 8-6 shows this particular 
scheme, which can also be used in conjunction with ground-fault protective relaying. Other 
equipment utilizes voltage relays in place of the actuator fuses to trip interrupter switches. 
These antisingle-phasing devices are often specified to clear a ground fault that may cause 
only one fuse to open. If the fault remains and is of such high impedance that it does not open 
any fuses in any other phases, the opening of the first fuse causes all three poles of the switch 
to open and the fault is cleared. 
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Figure 8-6 —Antisingle-phasing provisions for fusible switches 


Fused circuit breakers and service protectors, as well as circuit breakers, have antisingle- 
phasing devices incorporated in their basic designs. 


The basic need for ground-fault protection in low-voltage grounded systems is illustrated in 
Figure 8-7a and Figure 8-7b. A 1000 kVA transformer, with a 1600 A main circuit breaker 
and typical long-time and short-time characteristics, optionally with a fused switch, is 
shown. 


A 1500 A ground fault (Point I) on the 480Y/277 V grounded neutral system would not be 
detected by the main circuit breaker or fuse. A ground relay set at 0.2 s time delay would 
cause the circuit breaker or bolted pressure switch to clear the fault in about 0.33 s. A 4000 A 
ground fault (Point IT) could persist for about 33 s, even if the circuit breaker’s minimum 
long-time band were used. The fuse would require up to 5 min to clear this fault. The ground- 
relayed circuit breaker or bolted pressure switch would clear the fault in about 0.25 s. An 
8000 A ground fault (Point IID) would be cleared within about 0.2 s to 0.4 by the circuit 
breaker short-time device, assuming it is present; otherwise, between 8 s to 20 s would elapse 
before the long-time device clears the fault. 


Arc energies for these assumed faults are tabulated in Table 8-1. Arc voltages are assumed to 
be 100 V. Because the arc voltage tends to have a flat top characteristic (nonlinear arc resis- 
tance), the energy of the arc in watts per second can be estimated by obtaining the product of 
the current in rms amperes, the arc voltage in volts, and the clearing time in seconds. Approx- 
imate calculation of the energy required to erode a certain amount of electrode material 
shows that 50 kWs of energy divided equally between conductor and enclosure vaporizes 
about 2.05 cm? of aluminum or 0.82 cm? of copper. The calculation assumes that most of the 
arc energy goes into the electrodes, while the energy lost to the surrounding air is neglected. 
Comparisons were made from several arcing fault tests (see Conrad and Dalasta [B10]; 
Fisher [B14]), and good correlation was obtained between calculated energy from test data 
and measured conductor material eroded. 
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Figure 8-7a—Time-current plot showing slow protection provided by phase 
devices for low-magnitude arcing ground faults 
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Figure 8-7b— Assumed tolerable damage levels 
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Table 8-1—Arc energies for assumed faults of Figure 8-7a 


Figure 8-7a F . Clearing time Arc energy 
points Main device (s) (kWs) 


Relay 
Circuit breaker 
Fuse 


Relay 100 
Circuit breaker 13 200 
Fuse 120 000 


Relay 200 
Circuit breaker 
Fuse 


Relay 
Circuit breaker 
Fuse 


For the assumed 8000 A fault, even though the current values are the calculated result using 
all source, circuit, and arc impedances, the actual rms current values passing through the 
circuit breaker can be considerably lower. The reason is the spasmodic nature of the fault 
caused by 


—  Arc-elongating blowouts effects 

— Physical flexing of cables and some bus structures due to mechanical stresses 

— __ Self-clearing attempts and arc reignition 

— _ Shifting of the arc terminals from point to point on the grounded enclosures (and on 
the faulted conductors for noninsulated construction) 


All of these effects tend to reduce the rms value of arcing fault currents. Therefore, a ground 
fault that would normally produce 8000 A under stabilized conditions might well result in an 
effective value of only 4000 A and would have the arc energies associated with Point II in 
Table 8-1. 


Expressing acceptable damage in terms of kWs, or kW cycle units, with an assumption of 
100 V arc drop in 480Y/277 V circuits has been proposed. 


Investigations show that damage in standard switchboards at normal arc lengths is propor- 
tional to time and 1.5 power of ground-fault current magnitude (see Stanback [B42]). Thus, 
the arc voltage magnitude question at varying and unpredictable fault currents may be 
excluded and damage prediction simplified. 
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According to the study, specific damage or burning rate 


damaged volume V 
k= ina s] 
current ~ X time 


§ is 1.18 x 10> cm?/A!s for copper, 
is 2.49 x 10° cm?/A!s for aluminum, 


is 1.08 x 107 cm3/A!s for steel. 


Because selection of conductors is often based on nearly uniform current densities (e.g., 125— 
155 A/cm’), acceptable damage could then be based on conductor or disconnect ratings or on 
cross-sectional area. 


Thus, if based on 


i “y = k Ip 
where 
Ir is fault current, 
IR is disconnect or bus rating, 


the acceptable damage Vp = k,k,Jp can be used as a constant for a given system and discon- 
nect rating. Acceptable damage could then be held by appropriate selection of current and 
time settings for ground-fault protective devices. 


For example, if Jp = 1000 A and k, = 250 [A?> s] (as assumed in NEMA PB 2.2-1999) 
acceptable damage, 


I'5¢= 250 x 1000 = .025 x 10*® [A!* s], or 
Vp = 1.18 x 10 x 0.25 x 10° = 2.95 cm? for copper, 


conductors are not exceeded for faults between 800 A and 10 000 A, with relay settings as 
shown in Figure 8-7b if clearing time of the circuit breaker or bolted pressure switch does not 
exceed 200 ms. 


The above computations are based on 277 V single-phase test results and the assumption that 
the damage would be proportional to the arcing fault current. Therefore, some discretion 
should be used when referencing the example in Figure 8-7b (see Love [B32]). 
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8.3.4 Selection of low-voltage protective device settings 


Maximum protection against ground faults can be obtained by applying ground protection on 
every feeder circuit from source to load. The minimum operating current for all series devices 
may be set at about the same pickup setting, but the time curves are selected so that each cir- 
cuit protective device is opened progressively faster, moving from the source to the load. The 
load switching device can be opened instantaneously or with brief delay upon occurrence of a 
ground fault. 


The delay required between devices is determined by the addition of 


— The trip-operating time of the overcurrent device 
— The clearing time of the overcurrent device 
— A margin of safety 


The trip-operating time of today’s molded-case circuit breakers (MCCBs), service protectors, 
power circuit breakers, or shunt-tripped switches is usually about 3 cycles. Current-limiting 
fuses clear in about .004 s when operating in their current-limiting range. 


This coordination by time delay is similar to other overcurrent coordination. However, 
another method of coordination, called zone selective interlocking (ZSI), is available for 
ground-fault protection using solid-state relays and electronic trip devices. Ground faults, for 
minimum damage, should be cleared as quickly as possible regardless of their magnitude. 
Zone coordination assures instantaneous tripping of all ground-fault relays for faults within 
their zone of protection, with upstream devices restrained to a time delay in response to 
ground faults outside their zone. This restraining signal requires as few as one pair of wires 
from the downstream zone to the upstream relay to carry the interlocking signal. ZSI provides 
the fastest tripping, for minimum damage, with full coordination so that only the affected part 
of the system is shut down on ground fault. ZSI is discussed further in 8.5.4.1. 


Bolted-pressure and high-pressure contact fused switches using the ground-fault protection 
schemes can be shunt tripped to open quickly. 


From the standpoint of damage alone, speed of clearing is paramount. However, in some 
situations, delay is desirable, primarily to obtain coordination between main and feeder 
circuits and branch currents. Consider a typical 480Y/277 V application consisting of a 
3000 A main, an 800 A feeder, and a 100 A branch circuits. If the branch circuits do not have 
ground-fault protection, then the feeder ground-fault protection should be set with a time 
delay to allow the branch circuit phase-overcurrent device to clear moderately 
high-magnitude ground-fault currents without opening the feeder through its ground-fault 
protection. When full coordination is essential, setting the feeder ground-fault pickup above 
and to the right of the branch circuit devices is desirable. While infrequent loss of 
coordination may be acceptable between feeders and branch circuits, full coordination should 
be maintained between main and feeder overcurrent protective devices. Setting main service 
ground-fault protection at less than 0.1s (or 6cycle) response time is generally not 
recommended. Proper settings reduce effects of inrush, startups, and switching currents and 
prevent nuisance openings. 
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Another reason for delayed clearing of ground faults on main or large feeder circuits is the 
threat of circuit interruption where the power outage itself is of greater consequence than the 
incremental difference in fault damage. 


In summary, the sensitivity (or minimum operating current setting) of ground-fault protection 
in solidly grounded low-voltage systems is determined by the following considerations: 


a) When the ground-fault protection is used on devices protecting individual loads, such 
as motors, the lowest available settings can be used, providing the devices do not 
cause false opening from inrush currents. 


b) For the main and feeder circuits, the setting for ground-fault protective devices is 
normally in the range of 10% to 100% of the circuit trip rating or fuse rating. If 
downstream devices do not have ground-fault protection, then the circuit ground-fault 
protection may have to be set higher than the downstream phase-protective device 
opening characteristics to ensure full coordination. Many times, the main ground- 
fault protection needs to be set at the code maximum of 1200 A in order to selectively 
coordinate with the downstream phase- and ground-fault protection. 


8.3.5 Sensing, relaying, and trip devices 


The signal for ground-fault protective devices may be derived from the residual of phase CTs, 
window CTs, or sensors. The CTs or sensors provide isolation between main busses and 
relaying equipment and should be located in a specific path to detect proper ground-fault cur- 
rents under all operating conditions. 


Sensors are often designed with other than 5 A or | A nominal secondary rating and for use 
with specific relays or trip devices as a system. If part of such a system, the relays normally 
have dials marked in terms of primary ground-fault current amperes. 


Ground-fault relays or trip devices may be either self-powered (i.e., fault current) or exter- 
nally powered (i.e., operation or trip power), or incorporate both methods. Outputs may be 
contact or solid-state (e.g., thyristors). 


AC control power, derived from an auxiliary transformer of proper capacity, is frequently 
used in systems of 600 V and below and is sometimes supplemented by capacitor trips. The 
primaries of control power transformers should be connected line to line to reduce effects of 
voltage dips during ground faults, and the trip device should be capable of operating at 0.866 
times rated voltage. The need for overcurrent protection and transfer to an alternate control 
power source should be evaluated. 


Supplementary or backup ground-fault protection may be accomplished by monitoring the 
equipment environment. Such systems detect ionized gases and other fault-current 
by-products, such as abnormal light and heat. By early detection of one or more of the 
by-products of a ground-fault current and prompt opening of the interrupting device serving 
the fault, the magnitude of the damage may be reduced. Supplementary sensing is 
particularly desirable when the primary means of ground-fault sensing is set relatively high to 
prevent nuisance opening or to satisfy coordination requirements. To maximize the 
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effectiveness of environmental detectors, care should be exercised in the selection, proper 
installation within the equipment enclosure, and setting of the detectors (see Neuhoff [B34]). 


8.4 Frequently used ground-fault protective schemes 


While ground-fault protective schemes may be elaborately developed, depending on the inge- 
nuity of the relaying engineer, nearly all schemes in common practice are based on one or 
more of the following methods of ground-fault detection: 


— _ Residually connected overcurrent relays 

— Core balance sensing of feeder conductors 

— Detection of ground-return current in the equipment grounding circuit 
— Differential relaying 


8.4.1 Residual connection 


A residually connected ground relay is widely used to protect medium-voltage systems. The 
actual ground current is measured by CTs that are interconnected in such a way that the 
ground relay responds to a current proportional to the ground-fault current. This scheme, 
using individual relays and CTs, is not often applied to low-voltage systems. However, low- 
voltage systems are available with three CTs built into them and connected residually with 
the solid-state trip devices to provide ground-fault protection. 


The term residual in common usage is normally reserved for three-phase system connections 
and seldom applied to single-phase or multiple-signal mixing. 


The basic residual scheme is shown in Figure 8-8. Each phase relay is connected in the output 
circuit of its respective CT, while a ground relay connected in the common or residual circuit 
measures the ground-fault current. In three-phase three-wire systems, no current flows in the 
residual leg under normal conditions because the resultant current of the three CTs is zero. 
This situation is true for phase-to-phase short circuits also. When a ground-fault occurs, the 
short-circuit current, returning through earth, bypasses the phase conductors and their CTs, 
and the resultant current flows in the residual leg and operates its relay. 


On four-wire circuits, a fourth CT should be connected in the neutral circuit as shown in the 
dashed portion of the current. The neutral conductor carries both 60 Hz single-phase load 
unbalance current as well as zero-sequence harmonic currents caused by the nonlinear induc- 
tance of single-phase loads, such as fluorescent lighting. Without the neutral-conductor CT, 
the current in that conductor would appear to the ground relay as ground-fault current, and 
the ground relay would have to be desensitized sufficiently to prevent opening under unbal- 
anced load conditions. 


The selectivity of residually connected relays is determined by the CT ratio and the relay 
pickup setting. The CT ratio must be high enough for normal load circuits. Also to be consid- 
ered are the unbalanced primary currents in each phase, the sum of which may contain suffi- 
cient asymmetrical current to cause a trip during a motor start. For this reason, sensitive 
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Figure 8-8 —Residually connected ground relay 


ground-fault protection schemes do not use instantaneous trips when a residually connected 
circuit is involved. If ground-fault protection with greater sensitivity is needed, the core-bal- 
ance method should be considered (see 8.4.2). 


8.4.2 Core balance 


The core-balance method is based on primary current phasor addition or flux summation. The 
remaining zero-sequence component, if any, is then transformed to the secondary. The 
core-balance CT or sensor is the basis of several low-voltage ground-fault protective systems. 
(The core-balance CT is frequently called a zero-sequence sensor or window CT, but the term 
core balance is preferable because it more specifically describes the function of the CT.) The 
principle of the core-balance CT circuit is shown in Figure 8-9a. All load-carrying conductors 
pass through the same opening in the CT and are surrounded by the same magnetic core. 
Core-balance CTs are available in several convenient shapes and sizes, including rectangular 
designs for use over bus bars. This method can be more sensitive than the residual method 
because the sensor rating is large enough for the possible imbalance, not for the individual 
conductor load current. 


Under normal conditions [i.e., balanced, unbalanced, or single-phase load currents or short 
circuits not involving ground (if all conductors are properly enclosed)], all current flows out 
and returns through the CT. The net flux produced in the CT core is zero, and no current flows 
in the ground relay. When a ground fault occurs, the ground-fault current returns through the 
equipment grounding circuit conductor (and possibly other ground paths) and bypasses the 
CT. The flux produced in the CT core is proportional to the ground-fault current, and a pro- 
portional current flows from the CT secondary to the relay circuit. Relays connected to 
core-balance CTs can be made quite sensitive. However, care is necessary to prevent false 
opening from unbalanced inrush currents that may saturate the CT core or through faults not 
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Figure 8-9a—Core-balance CT encircling all phase and neutral conductors 


involving ground. If only phase conductors are enclosed and neutral current is not zero, the 
transformed current is proportional to the load zero-sequence or neutral current. Systems 
with grounded conductors, such as cable shielding, should have the CT surround only the 
phase and neutral conductors, if applicable, and not the grounded conductor. 


By properly matching the CT and relay, ground-fault detection can be made as sensitive as 
the application requires. The speed of the relay limits damage and may be adjustable (for cur- 
rent or time, or both) in order to obtain selectivity. Many ground protective systems now have 
solid-state relays specially designed to operate with core-balance CTs. The relays in turn 
open the circuit protective device. Power circuit breakers, MCCBs with shunt trips, or electri- 
cally operated fused switches can be used. The last category includes service protectors, 
which use circuit breaker contacts and mechanisms, but depend on current-limiting fuses to 
interrupt the high available short-circuit currents. Fused contactors and combination motor 
starters may be used where the device-interrupting capability equals or exceeds the available 
ground-fault current. 


Figure 8-9b shows a typical termination of a medium-voltage shielded cable. After the cable 
is pulled up through the core-balance CT, the cable jacket is removed to expose the shielding 
tape or braid. Jumpering the shields together, the connection to the ground is made after this 
shield lead is brought back through the CT. This precaution would have been necessary only 
if the shield had been pulled through the CT. 


Between multiple shield ground connections on a single conductor cable, a potential exists 
that drives a circulating current, often of such a magnitude as to require derating of the cable 
ampacity. When applying the core-balance CT, the effects of this circulating current should 
be subtracted from the measuring circuit. 
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Figure 8-9b—Physical installation of a core-balanced CT for shielded cable 
termination 


8.4.3 Ground return 


Ground-return relaying is illustrated in Figure 8-10. The ground-fault current returns through 
the CT in the neutral-bus to ground-bus connection. For feeder circuits, an insulating segment 
may be introduced in busway or conduit, as shown in Figure 8-10, and a bonding jumper con- 
nected across the insulator to carry the ground-fault current. A CT enclosing this jumper then 
detects a ground fault. This method is not recommended for feeder circuits due to the likeli- 
hood of multiple ground-current return paths and the difficulty of maintaining an insulated 
joint. 


8.4.4 Ground differential 


A generic term, ground differential is used for a variety of schemes that utilize phasor or alge- 
braic subtraction or addition of signals. The currents may be produced by any of the methods 
discussed in 8.4.1 through 8.4.3. 


Figure 8-lla, for example, shows a ground differential protection for single-phase 
center-tapped loads and is similar to the residual method. 
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Figure 8-10—Ground-return relay scheme 


t ¢ (a) 


Figure 8-11a—Differential protection center-tapped loads 


{| 


One core-balance sensor could detect ground faults in a plurality of loads (see Figure 8-11b). 


Ground-differential relaying is effective for main bus protection because it has inherent 
selectivity. With the differential scheme (see Figure 8-11c), core-balance CTs are installed on 
each of the outgoing feeders and another lower ratio CT is placed in the transformer neutral 
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Figure 8-11b—Differential protection multiple loads 


connection to ground. This arrangement can be made sensitive to low ground-fault currents 
without false opening for ground faults beyond the feeder CTs. All CTs should be carefully 
matched to prevent improper opening for high-magnitude faults occurring outside the 
differential zone. 


TlL_e4l 414 


Figure 8-11c—Ground-differential scheme bus and transformer 


Bus-differential protection protects only the zone between CTs and does not provide backup 
protection for feeder faults. 


8.4.5 Circuit sensitivity 
Factors that affect the sensitivity of ground-fault sensing include the following: 
a)  Circuit-charging current drawn by surge arrestors, shielded cables, and motor 


windings 
b) The number of coordination steps between the branch circuit and the supply 
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c) Primary rating and accuracy of the largest CT used to supply residually connected 
relays in the coordination 

d) How well the CTs used for residually connected relays are matched 

e) Burden on the CTs, in particular the burden of the residually connected relay 
(Solid-state and some induction disk relays have burdens of 40 VA for a 0.1 A tap.) 

f) Maximum through-fault current and its effect upon the CTs, with selected relays for 
phase and residual connections 

g) Fault contact resistance 

h) Location of conductors within core-balance transformers 


8.5 Typical applications 


The application of ground-fault protection to typical low-voltage power distribution systems 
is illustrated by the following figures: 


Protection on mains only 8-12 


Protection on mains and feeders 8-13 


Protection on mains only, fused system 8-14 


Ground-fault coordination 8-15a through 8-15d 


Ground-fault system with alternate supply 8-16 


Three-wire solid ground, single supply 8-17 


Three-wire solid ground, dual supply 8-18 


Three-wire solid ground, secondary selective 8-19 


Three-wire high-resistance ground 8-20 


Three-wire low-resistance ground 8-21 


Four-wire solid ground, single supply 8-22 


Four-wire solid ground, dual supply 8-23 


Four-wire solid ground, secondary selective 8-24 


These one-line diagrams show the locations for the ground-fault sensing devices as well as 
the locations for the protective devices. Additional considerations in the application of 
ground-fault protection are as follows: 


a) 


b) 


A common economy in system design is to use the simple radial system without 
transformer secondary main overcurrent protective devices. This design results in a 
particular hazard when low-magnitude ground faults develop between the trans- 
former secondary and the feeder overcurrent protective device. 

Even with a secondary main overcurrent protective device, the zone from the trans- 
former secondary to the main overcurrent protective device is not protected unless the 
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ground-fault sensing device detects the fault and trips both the secondary main and 
the transformer primary circuit protective device. 


c) The use of sensitive ground-fault protection makes the coordination of protective 
devices extremely important. The first consideration is where to apply the 
ground-fault protection. 


In considering the application of ground-fault protection, several alternatives exist, and each 
application varies in cost. This discussion considers two basic approaches: 


—  Ground-fault protection on the mains only 


—  Ground-fault protection on mains and feeders 
8.5.1 Ground-fault protection on mains only 


An example of ground-fault protection on mains only is shown in Figure 8-12. The 3000 A 
main has long-time and short-time trip devices, a 1200 A feeder with long-time and instanta- 
neous trip devices, and an MCCB in a branch circuit with thermal and instantaneous trip 
devices. The ground-fault protection on the main coordinates with both instantaneous trip 
devices if given a time delay of about 0.2 s with a relatively flat characteristic. 


The problem of where to set the minimum ground pickup arises. For full coordination with 
all feeders, the setting would have to be above 6000 A (above the instantaneous setting of the 
largest feeder). Obviously, this setting is too high and violates code requirements. For 
excellent protection of circuit ground faults, the pickup setting should be about 200 A. This 
setting, however, produces loss of coordination for ground faults at Point A of magnitude 
between 200 A and 1000A and loss of coordination for faults at Point B of magnitude 
between 200 A and 6000 A. Thus, while the 200 A setting on the main provides excellent 
arcing fault protection, the main circuit breaker can be expected to trip for certain feeder 
faults where, before choosing this setting, such faults were handled by the feeder or branch 
circuit breakers. In short, a substantial degree of coordination would be lost. In a few 
applications, this loss of coordination can be tolerated. 


Under the circumstances, the best setting is approximately a 1200 A minimum pickup. With 
such a setting, a system would have protection against the most severe arcing faults and 
would lose coordination only on ground-faults between 1200 A and 6000 A. The scheme 
described in this subclause is fairly common, but it is still clearly a compromise. 


8.5.2 Ground-fault protection on mains and feeders 


An example of ground-fault protection on mains and feeders is shown by Figure 8-13. In this 
situation, ground-fault protection is included on the 3000 A main and also on all feeders 
above roughly 400 A to 800 A. This application shows a 200 A minimum pickup with a time 
delay of 0.1 s on each feeder in addition to a 400 A minimum pickup and a 0.3 s time delay 
on the main. Ground-fault protection on the main only is clearly not recommended, as 
destructive faults can develop without detection. 


256 Copyright © 2001 IEEE. All rights reserved. 


IEEE 


GROUND-FAULT PROTECTION Std 242-2001 
TYPICAL SYSTEM 
1000 
100 A 1200A 3000A AiG R 
SENSOR 
Em) 0.2s 
100 Cc = 
<9—_+—_+¢ ? 
600A)  1200A) 600A ) 
x ; 
B 100A ) 
2 10 
es 200 A 1200 A 
Oo A 
o) I I 
Lu 
no l 
Zz l 
Ww I | 
= I 
ae I LOSS OF 
i < < < COORDINATION 
ol \ ° ° 
oO oO i=} 
fat) fo) oO 
- ite} fat] 
0.2s 
0.1 
100 1000 10 000 400 000 


LINE-TO-GROUND CURRENT IN AMPERES 
Figure 8-12—Ground relays on main circuit only 


In this example, the main circuit breaker is fully coordinated with each feeder circuit breaker. 
Also, both main and feeders have sufficiently low settings to provide reasonable arcing fault 
protection. Coordination is lost between the feeder and branch devices for ground faults at 
Point A between 200 A and 1000 A and for all faults greater than 4000 A. Better protection 
can be obtained using zone selective interlocking (ZSI), with less damage occurring because 
of instantaneous tripping in the faulted zone. 


8.5.3 Ground-fault protection on mains only in fused systems 


Figure 8-14 shows a situation similar to the situation of Figure 8-12, involving a fused system 
with 1200 A ground pickup. This setting coordinates with the 200 A fuses and branch circuit 
lighting circuit breakers. However, coordination of the 1200 A pickup with the 800 A feeder 
fuses is sacrificed from magnitudes of 1200 A through 8000 A. 
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Figure 8-13— Ground relays on both main and feeder circuits 


8.5.4 Ground-fault coordination 
A variety of means exist for coordinating ground-fault protection. 
8.5.4.1 Zone selective interlocking (ZSI) 


One approach to ground-fault coordination is ZSI, which not only allows operation at the 
minimum desirable time for units in every zone when they are responding to ground faults in 
their own zone, but also establishes positive coordination between mains, feeders, and 
branches so that the smallest possible segment of the system is opened in the event of a 
ground fault. 
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Figure 8-14— Fused system using ground-fault relays on main circuit only, 
showing coordination with 200 A fuses and lack of coordination with 
800 A feeder fuses 


Figure 8-15a shows a typical coordination arrangement. Relay 3 restrains in a time-delay 
mode Relay 2, which in turn restrains Relay 1. For example, with a fault of 1500 A at 
Location 3, Relay 3 initiates a signal in 0.03 s, the minimum delay, to the branch device to 
open the circuit. At the time of the fault, Relay 3 also sends a restraining signal to Relay 2, 
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which in turns sends a restraining signal to Relay 1. As a result, these two relays start timing 
the duration of the fault. Relay 2 initiates a signal to the feeder device only if the branch 
device fails to open the circuit 0.2 s after the ground fault occurred. Relay | initiates a signal 
to the main device only if the branch device and feeder device fail to open the circuit 0.5 s 
after the ground fault occurred. If a 1500 A ground fault occurs at Location 2, Relay 2 
initiates a signal in 0.03 s to the feeder device to open the circuit. At the time of the fault, 
Relay 2 also sends a restraining signal to Relay 1. Relay | initiates a signal to the main device 
only if the feeder device fails to open the circuit 0.5 s after the ground fault occurred. If a 
1500 A ground fault occurs at Location 1, Relay 1 initiates a signal in 0.03 s to the main 
device to open the circuit. This type of system coordination allows the circuit-interrupting 
devices nearest to the ground fault to receive an operation signal instantaneously (i.e., 0.03 s) 
and provide time delay in only the backup devices. Clearing time of the circuit-interrupting 
device should also be considered in complete system coordination. Where MCCBs and 
insulated-case circuit breakers (ICCBs) are utilized, the time-current curves should include 
their instantaneous overrides. These overrides operate at higher levels of fault current and 
may create zones of nonselective coordination. 


This system requires at least a pair of control wires between relays of each successive coordi- 
nation step. The control leads add exposure to possible faults on these control leads. This 
exposure should be considered when ZSI schemes are applied. 


8.5.4.2 Coordinations of ground-fault protection schemes 


Another approach to a coordinated ground-fault protection scheme is based upon protection 
against low-level arcing faults in which the arc has seriously reduced the fault current. 
Backup protection utilizes a standard time-overcurrent relay. This scheme is illustrated by 
Curve B1 and Curve B2 in Figure 8-15b and Figure 8-15c, where the low level protection 
scope is compared against two common ground-fault protection schemes. 


Curve C1 and Curve C2 represent the tripping characteristics of a fixed-delay solid-state 
ground-fault relay. Curve Al and Curve A2 represent a special electromechanical ground- 
fault relay. Both types are set with a minimum pickup of 1200 A. Curve B1 and Curve B2 
represent the tripping characteristics of a standard electromechanical overcurrent relay with 
very inverse tripping characteristics, but set to operate on a minimum pickup of 72 A. 
Scheme A and Scheme C relays are not sensitive to low ground-fault currents, do not initiate 
nuisance trips, but back up phase-overcurrent protection in the range of 1000 A to 20 000 A. 
However, they may not necessarily provide real protection service. 


Numerous groups have studied the arcing nature of 480 V ground faults. Often a 90 V to 
140 V arc has been measured: such an arc limits the ground-fault current magnitude. Some 
articles have equated arcing fault damage to 1800 kW cycle, 2000 kW cycle, or even 
10 000 kW cycle energy limits. 


The 1800 kW cycle and 10 000 kW cycle curves shown in Figure 8-15b and Figure 8-15c are 
based upon a 100 V arc and an arcing current of essentially resistive characteristics. 
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Figure 8-15a— Typical zone selective intelocking (ZSI) system 
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Figure 8-15b— Minimum ground-fault protection for a nonmotor circuit 
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Figure 8-15c— Minimum ground-fault protection for a motor circuit 


If fault energy = 1800 kW cycles = 6 (J; Xx t) kW cycles, then 
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Plotted on a log-log scale, the locus of the boundary points is a straight line, which makes an 
ideal criteria for coordinating with a very inverse or extremely inverse ground-fault relay. The 
calculations for the 10 000 kW cycle damage limit were developed on the same basis. 


Referring again to Figure 8-15b and Figure 8-15c, it can be seen that Scheme A and 
Scheme C permit low (<1000 A) ground-fault currents, whereas Scheme B limits the damage 
for arcing ground faults in both the motor and the nonmotor circuit. However, Scheme B 
loses coordination below 1000 A unless a ground-fault relay is on the MCC branch circuits 
above 30 A and on motor branch circuits above 11 kW, as illustrated in Figure 8-15d. 


8.5.5 Ground-fault protection of systems with an alternate power source 


Following usual considerations of reliability or redundancy, it may be advantageous to 
ground the neutral terminal of an alternate power source, such as a second utility source (or 
service) or an engine-generator set, at its location. However, this configuration may create 
multiple neutral-to-ground connections, which in turn may cause problems unless appropri- 
ate steps are taken. 


For example, consider a typical three-phase, four-wire 480 V emergency power system in 
which a three-pole transfer switch connects the load to either a normal utility source or an 
engine-generator set. Ground-fault protection is provided at the utility incoming service. The 
neutral conductors of both the utility incoming service and the engine-generator set are sepa- 
rately grounded and interconnected (i.e., continuous neutral). 


Because of the multiple neutral-to-ground connections, two problems can develop. First, 
when a ground fault occurs anywhere in the system, the fault current has two paths of flow: 
one directly to the grounded neutral of the utility incoming service via equipment-grounding 
conductors and one to the grounded neutral of the engine-generator set via equipment- 
grounding conductors. In both cases, the current would then return to the neutral of the utility 
incoming service via the continuous neutral. Current following the latter path is seen as neu- 
tral current, and it reduces or eliminates the magnitude of the ground-fault current sensed by 
a relay. 


Second, when the load is unbalanced, the return neutral current has two paths of flow: one 
directly to the service neutral via the neutral conductor and one back to the service neutral via 
the equipment-grounding conductors at both the utility incoming service and the engine- 
generator set and through the continuous neutral. The current through the latter path would 
have the same effect on the ground-fault sensor as a ground-fault current and is carried by 
equipment-grounding conductors, which are not provided for this purpose. If the second path 
has sufficiently low impedance (i.e., comparable to the impedance of the neutral path), an 
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Figure 8-15d—Ground-fault protection for an 11 kW motor load 


unbalanced load may cause the ground-fault sensor to trip the breaker even though a ground 
fault or short circuit does not occur. 


Various solutions include single-point grounding, four-pole transfer switches, overlapping 
neutral contacts, and transformer isolation. In all cases, consideration should be given to both 
modes of transfer switch operation, to providing adequate area protection and ground-fault 
protection, and to conformance to the NEC. 


a) Single-point grounding eliminates the problems identified in this subclause and per- 
mits simple relaying methods. The basic scheme is shown in Figure 8-24 and can be 
used for multiple services or in utility service-generator source systems with a con- 
tinuous neutral. 
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b) 


c) 


The method can be modified to detect not only phase-to-ground (e.g., enclosure) 
faults (i.e., the most commonly occurring), but also phase-to-neutral failures in a sys- 
tem. However, consideration should be given to the possibility of power disruption 
within the facility and transferring the load to ungrounded emergency power source. 
Also, a ground-fault condition when the transfer switch is in the emergency position 
may cause nuisance tripping of the normal source breaker. 


Using four-pole transfer switches throughout the system may allow complete isola- 
tion of service and generator neutral conductors. This setup eliminates possible 
improper ground-fault sensing and nuisance tripping caused by multiple neu- 
tral-to-ground connections. When this configuration is set up, the generator complies 
with the NEC definition of a separately derived system. However, momentary open- 
ing of the neutral conductor may cause voltage surges. Furthermore, the contacts of 
the fourth switch pole interrupt current and are, therefore, subject to arcing and con- 
tact erosion. A good maintenance program should reaffirm at intervals the integrity of 
the fourth pole as a current-carrying member with sufficiently low impedance. 


A variation of the method of isolating the normal and emergency source neutrals is 
for the automatic transfer switch to include overlapping neutral transfer contacts. 
This setup provides the necessary isolation between neutrals and at the same time 
minimizes abnormal switching voltages. With overlapping contacts, the only time the 
neutrals of the normal and emergency power sources are connected is during transfer 
and retransfer. With a conventional double-throw transfer switch, this duration can be 
less than the operating time of the ground-fault sensor, which is usually set anywhere 
from 6cycles to 24 cycles (100-400 ms). As with four-pole transfer switches, 
conventional ground-fault sensing can be readily added to the emergency side. 
Figure 8-16 shows isolation by overlapping contacts and ground-fault sensing on the 
emergency side for actuating an alarm circuit rather than tripping a breaker. If 
required, emergency source tripping on ground faults can also be provided. 
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Figure 8-16—Emergency power systems with ground-fault protection on 
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Where a three-phase, four-wire critical load is relatively small compared to the rest of 
the load, an isolating transformer is sometimes used. This setup requires both power 
sources connected to the transfer switch to be three-phase and three-wire, and the 
delta-wye isolating transformer to be inserted between the transfer switch and the 
four-wire load. An unbalance of the critical load would have no effect on the 
ground-fault protector at the incoming service. Furthermore, ground-fault currents 
would not be transmitted through the delta-wye transformer. Any increase in primary 
current due to ground-faults in the secondary is seen simply as an overload by the 
primary protective devices. Circuits on the secondary side of the isolating trans- 
former have the advantage of reduced available fault current, but may require their 
own ground-fault protection if the transformer secondary is grounded. Because the 
transfer switch is not located directly ahead of the load, it does not guarantee 
emergency power supply in the event of isolating transformer failure. 


8.5.6 Placement of ground fault sensors and relays 


Figure 8-17 through Figure 8-24 illustrate the placement of ground fault sensors, relays, and 
alarms for selective protection of main, tie, feeder, and branch circuits systems with varied 
grounding arrangements. For increasingly selective systems, ground fault protective devices 
should be added as shown to the tie, feeder, and, finally, branch circuits. 
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Figure 8-17—Three-wire solidly grounded system with single supply 
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Figure 8-18—Three-wire solidly grounded system with dual supply 


8.6 Special applications 
8.6.1 Ground-fault identification and location 


Ground faults in solidly grounded systems usually require the opening of disconnect devices 
to reduce damage. Many relays and trip devices have targets or lamp indicators to identify 
faulty circuits. The equipment and conductors should be inspected and repaired, if necessary, 


prior to restoration of service. 


The conventional method of ground-fault detection used on ungrounded wye or delta 
three-wire systems utilizes three potential transformers supplying ground detector lamps, 
ground-detecting voltmeters, or ground alarm relays. The presence of potential transformers 
connected to ground from each phase may in itself be the cause of dangerous overvoltages 
because the detector becomes the grounding mechanism, as well as being a detector. 
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Figure 8-19—Three-wire solidly grounded secondary selective system 


To reduce the probability of transient overvoltages, high-resistance grounding is often 
applied, as described in detail in IEEE Std 142-1991. The basic reason to use high-resistance 
grounding is to eliminate an opening operation when the first ground fault occurs. Operation 
with a ground fault on the system entails a substantial hazard, and locating the fault as soon 
as system operation allows becomes important, especially before a second ground fault devel- 
ops on a second phase and creates a line-to-line-to-ground fault. 


In applying high-resistance grounding, the resistance of the ground circuit should be of a 
magnitude to pass a ground current at least equal to the charging current of the system. 
Figure 8-25 shows a typical high-resistance-grounded system with a neutral resistor and a 
ground alarm relay. Most similar applications use a distribution transformer with a low- 
voltage resistor connected to its 240 V secondary. 


Each feeder is equipped with a low-ratio core-balance transformer and ammeter or milliamp 
meter, which will indicate the faulted feeder. No automatic opening occurs with this scheme. 


In lieu of CTs and ammeters on each feeder, a pulsing ground circuit may be used as shown 
in Figure 8-26. The pulsing circuit is manually initiated and serves to reduce the resistance to 
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Figure 8-20—Three-wire high-resistance-grounded system 


about 50% to 75% of its full value, about once or twice a second. This change causes the 
ground-fault current to vary sufficiently to be detected by a clamp-on ammeter, which can be 
placed in turn around the conductors of each feeder circuit. 


If a ground fault is not cleared immediately, a relatively dangerous condition may arise upon 
the occurrence of a second fault. A second fault has a high probability of occurring because 


— _ The steady-state voltage on the unfaulted phases has increased 


— The initial fault may be intermittent and cause some transient overvoltages in spite of 
the resistor grounding 


Figure 8-27 shows how feeder ground relays are applied to open on the occurrence of the sec- 
ond fault on a different feeder. The feeder ground relays are set to pick up at a value higher 
than the maximum initial ground-fault current. For example, on a 4.16 kV system, a 300 W 
resistor would limit the ground-fault current to 8 A. The ground alarm relay would be set to 
pick up at 5 A or less. The feeder ground relays are set to pick up at a current level higher 
than the level for a single line-to-ground fault, perhaps 10 A to 15 A. 
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Figure 8-21 —Three-wire low-resistance-grounded system 


The use of low-voltage grounding resistors coupled with grounding (or standard distribution) 
transformers is preferred by some engineers. Figure 8-28 shows how these transformers are 
utilized for three-wire grounded wye systems and for three-wire grounded delta systems. 


8.6.2 Spot network applications 


Spot networks provide continuity of service against the loss of one or more of several utility 
supply feeders. Each feeder supplies one network transformer at each vault. All transformer 
secondaries at each vault are paralleled at the network service bus from which the user ser- 
vice switchgear is connected. 


Figure 8-29 shows one method of providing ground-fault protection for a three-transformer 
spot network serving three physically separate service switchboards. Ground protection is 
provided on each switchboard feeder, in each switchboard main, and in the vault system 
neutral, which trips out all network protectors in the event of a vault fault. However, not all 
utilities allow user relays to trip network protectors. In a typical approved installation, the 
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Figure 8-22—Four-wire solidly grounded system with single supply 


feeder ground relays are set at about 0.1 s, the main relays at about 0.3 s, and the vault relays 
at about 0.5s. The minimum operating current settings for the vault relays are set 
substantially higher than the setting on the user switchgear so that the vault relays operate 
only for a fault in the vault area. Although not shown in the figure, each service switchboard 
should include a connection from neutral bus to ground bus. 
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Figure 8-23—Four-wire solidly grounded system with dual supply 


Where providing secondary selective flexibility in the user service switchgear is desired, the 
system sometimes takes the form shown in Figure 8-30. The ground sensors (i.e., CTs) 
should be carefully applied in the main circuits. If the ground sensors are installed over all 
phases and neutral, then a fault on either user bus always causes tripping of both main circuit 
breakers. One method of circumventing this problem is to install the main sensors over the 
phases only. This setup provides the proper selectivity, except that the ground-relay minimum 
operating-current setting should be set at a value above the normal neutral current. This 
normal neutral current consists of the single phase-to-neutral load unbalance plus the third 
harmonic in the neutral caused by nonincandescent lighting systems. Settings of 1000 A to 
2000 A may be required. With this type of system, meeting the present 1200 A maximum 
setting of the NEC while still accommodating the secondary selective arrangement is 
difficult. 
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Figure 8-24—Four-wire solidly grounded secondary selective system 
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Figure 8-25—High-resistance-grounded system using core-balance CTs and 
fault-indicating ammeters 
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Figure 8-26—High-resistance-grounded system with pulsing contactor to 
locate faulted feeder 
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Figure 8-27—High-resistance-grounded system that continues operation on 
first ground fault while ground relays protect against second ground fault 


An alternate vault arrangement that has been used is shown in Figure 8-31. In this figure, the 
vault is sectionalized into two halves. One of the advantages of this setup is that a vault fault 
does not shut off all electrical service to the user. Ground-fault protection is essentially iden- 
tical to the protection shown in Figure 8-30. An alternate ground-fault protection scheme 
consisting of continuous and probe heat-sensing systems is described in Stanback [B42]. 
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Figure 8-28—High-resistance grounding using distribution or grounding 
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Figure 8-29—Ground-fault protection for typical three-transformer 
spot network 
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Figure 8-30—Ground-fault protection for spot network when user switchgear 
is secondary selective 
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Figure 8-31—Ground-fault protection for sectionalized vault bus 
spot network 
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8.7 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (EEE Red Book)? 


IEEE Std 142-1991, IEEE Recommended Practice for Grounding of Industrial and Commer- 
cial Power Systems (IEEE Green Book). 


NEMA PB 2.2-1999, Application Guide for Ground-Fault Protective Devices for 
Equipment. 


NFPA 70-1999, National Electrical Code® (NEC®).4 
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Chapter 9 
Conductor protection 


9.1 General discussion 


This chapter deals with insulated power cable protection as well as with busway protection. 
The primary considerations are presented along with some methods of application. 


The proper selection and rating or derating of power cables is as much a part of cable protec- 
tion as the application of the short-circuit and overcurrent protection devices. The whole 
scheme of protection is based on a cable rating that is matched to the environment and operat- 
ing conditions. Methods of assigning these ratings are discussed. 


Power cables require short-circuit current, overload, and physical protection in order to meet 
the requirements of the National Electrical Code® (NEC®) (NFPA 70-1999).! A brief 
description of the phenomena of short-circuit current, overload current, and their temperature 
rises is presented, followed by a discussion of the time-current characteristics (TCCs) of both 
cables and protective devices. In addition, a number of illustrations of cable systems and typ- 
ical selection and correlation of protective devices are included. 


Because of their rigid construction, busways provide their own mechanical protection. How- 
ever, they do require short-circuit current and overload protection. A brief discussion of the 
types of faults on the busways is presented, followed by a discussion of various methods of 
fault protection. 


The general intent of this chapter is to provide a basis for design, to point out the problems 
involved, and to provide guidance in the application of cable and busway protection. Each 
specific case and type of cable or busway requires attention. In most cases, the attention is 
routine, but the out-of-the-ordinary cable and busway schemes require careful consideration. 


9.2 Cable protection 


Cables are the mortar that holds together the bricks of equipment in an electric system. If the 
cable system is inadequate, unsatisfactory operation inevitably results. Today’s cables are 
vastly superior in performance to the cables available just a decade or so ago. But even so, 
they are not unlimited in power capability and, therefore, need protection to prevent possible 
operation beyond that capability. 


Cables are generally classified as either power or control. Power cables are divided into two 
voltage classes: 600 V and below, and above 600 V. Control cables include cables used in the 
control of equipment and also for voice communication, metering, and data transmission. 


'nformation on references can be found in 9.9. 
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The amount of damage caused by the faulting of power cables has been illustrated many 
times. As power and voltage levels increase, the potential hazards also increase. High 
temperature due to continued overload, nonlinear loads, or uncoordinated fault protection is a 
frequent cause of decreased cable life and failure. Power cables, internally heated as a result 
of their resistance to the current being carried, can undergo insulation failure if the 
temperature buildup becomes excessive. Proper selection and rating ensures that the cable is 
large enough for the expected current. Suitable protection ensures that cable temperature 
rising above ambient does not become excessive. Such protection normally is provided by 
time-current sensitive devices. In addition to insulation breakdown, protection is also 
required against unexpected overload and short-circuit current. Overcurrent can occur due to 
an increase in the number of connected loads or due to overloading of existing equipment or 
due to nonlinear loads causing excessive neutral conductor current. 


While the extraordinary temperature of the short-circuit arc produces extensive destruction of 
materials at a fault location, cables carrying energy to (and from) a fault may also incur ther- 
mal damage over their entire length if the fault current is not interrupted quickly enough. 
Depending on conductor size, insulation type, and available fault current, the clearing time of 
the protection system should be short enough (i.e., coordinated) to stop the current flow 
before damaging temperatures are reached. 


Physical conditions can also cause cable damage and failure. Failure due to excessive heat 
may be caused by high ambient temperature conditions or fire. Mechanical damage may 
result in short circuits or reduced cable life and may be caused by persons, equipment, 
animals, insects, or fungi. 


Cable protection is required to protect personnel and equipment and to ensure continuous 
service. From the standpoint of equipment and process, the type of protection selected is 
generally determined by economics and the engineering requirements. Personnel protection 
also receives careful engineering attention and special consideration to ensure compliance 
with the various codes that may be applicable to a particular installation. 


Protection against overload is generally achieved by a device sensitive to current magnitude 
and duration. Short-circuit protective devices are sensitive to much greater currents and 
shorter times. Protection against environmental conditions takes on many forms. 


Cables may also be damaged by sustained overvoltages such as exist during a ground fault on 
one phase conductor. Modern cables now bear a rating called percent insulation level (or 
% IL). This rating is described as follows: 


a) 100% IL—Cables that may not be required to operate longer than | min in case of 
ground fault. 


b) 133% IL—Cables that may not be required to operate longer than 1 h in case of a 
ground fault. 


c) 173% IL—Cables that may be required to operate longer than 1 h continuously with 
one phase conductor grounded (manufacturers should be consulted for suitability). 
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The cable characteristics are not germane to this treatment, but the timing of the permissible 
protective system should be in accordance with the IL rating of the cables involved. 


In general, this chapter covers methods of rating cables and the conditions and problems 
listed in this clause. It also provides a starting point from which further refinements may be 
made and other features added for improved power cable protection. 


9.3 Definitions 


The following symbols are used in cable protection technology. Some symbols are also used 
in other parts of electrical engineering practice, such as fault determination. However, 
because only a limited number of symbols are available and the ones shown in this clause are 
deeply rooted in cable technology, the duplication is tolerated. 


9.3.1 Cable current (A) 


I is current flowing in cable, 
Io is initial current prior to a current change, 


Ir is final current after a current change, 

In is normal loading current on base ambient temperature, 

Ty, is normal loading current on nonbase ambient temperature, 
Ir is emergency loading current on base ambient temperature, 
ly is current at values other than normal or emergency loading, 


Isc is three-phase short-circuit current. 


9.3.2 Cable temperature (°C) 


is temperature, in general, 
is initial temperature prior to a current change, 


is final temperature after a current change, 


T 

To 

tf 

Ty is normal loading temperature, 

T; is emergency loading temperature, 

Ty is temperature at any loading current, 

T, is temperature at time f after a current change, 
T, is base ambient temperature, 


T,,; 1s nonbase ambient temperature. 


9.3.3 Miscellaneous 


t is time (units as noted), 
CM _ isconductor size (circular mils) 


F,, 18 skin effect ratio or ac/dc ratio [NEC (1999 edition), Table 9], 
K is time constant or geometric factor of cable heat flow, 
K, is correction factor for initial and final short-circuit temperature. 
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9.3.4 Reactances (%) 


X; is transformer reactance, 
X,'_ is subtransient reactance of a rotating machine, 
X,'__ is transient reactance of a synchronous machine. 


9.4 Short-circuit current protection of cables 


A cable should be protected from overheating due to excessive short-circuit current flowing 
in its conductor. The fault point may be on a section of the protected cable or on any other 
part of the electric system. The faulted cable section is, of course, to be replaced after the 
fault has been cleared. 


During a phase fault, the PR losses in the phase conductors elevate first the temperature of 
the conductor, followed by the insulation materials, protective jacket, raceway, and surround- 
ings. During a ground fault, the PR losses in both phase conductor and metallic shield or 
sheath elevate the temperature in a similar manner to phase faults. 


In most cases, the shield of the cable beyond the fault also carries part of the fault return cur- 
rent, which may then return along the shields of other conductors or equipment grounding 
paths, from common grounding points. 


Because the short-circuit current is interrupted either instantaneously or in a short time by the 
protective device, the amount of heat transferred from the metallic conductors outward to the 
insulation and other materials is small. Therefore, the heat from PR losses is almost entirely 
in the conductors; and, for practical purposes, it can be assumed that 100% of the PR losses 
are consumed to elevate the conductor temperature. During the period that the short-circuit 
current is flowing, the conductor temperature should not be permitted to rise to the point 
where it may damage the insulating materials. The task of providing cable protection during a 
short-circuit condition involves determining the following: 


— Maximum available short-circuit currents 

— Maximum conductor temperature that will not damage the insulation 

— Cable conductor size that affects the ?R value and its capability to contain the heat 
— Longest time that the fault can exist and the fault current can flow 


9.4.1 Short-circuit current 
9.4.1.1 Phase-fault current and rates of decay 


The fundamentals of short-circuit current behavior and the calculation of short-circuit 
currents are described in Chapter 2. The magnitude of short-circuit current should be properly 
determined. As illustrated in Figure 9-1, the initial peak current is called asymmetrical 
current (or current for momentary duty). This current then decays in sequence to the 
subtransient current, transient current, and synchronous current or sustained short-circuit 
current. The short-circuit current decays exponentially in the subtransient and transient 
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periods. Figure 9-1 shows the approximate rate of decay of the total current. Four typical 
systems are illustrated in this figure to give a general picture of the fault-current behavior. The 
decay rate in each system depends on the X/R ratio of the system; higher X/R ratios are found 
on medium-voltage systems with local generation. 


<—_______ ASYMMETRICAL CURRENT 


q CURRENT 


aq CURRENT 


PER UNIT SHORT-CIRCUIT CURRENT ON BASIS OF TRANSIENT (Xq) CURRENT 


0 0.5 1.0 1.5 2.0 


TIME IN SECONDS 
(d) 


a) Plant generator system, medium-voltage 

b) Utility-power supplied system, medium-voltage, with large synchronous motors 
c) Utility-power supplied system, medium-voltage, no synchronous motor 

d) Utility or plant generation, low-voltage 240 V or 480 V load centers 


Figure 9-1—Typical rate of short-circuit current decay 


9.4.1.2 Maximum short-circuit currents 


Generally, the subtransient current of a system is used to designate the maximum available 
short-circuit current in the cables protected by the instantaneous overcurrent relays and 
medium-voltage switchgear circuit breakers. For cables protected by noncurrent-limiting 
fuses or noncurrent-limiting low-voltage instantaneous trip circuit breakers, the asymmetrical 
current value is used. The effective current for cables protected by current-limiting devices 
[e.g., fuses, molded-case circuit breakers (MCCBs), cable limiters] in the current-limiting 
range is the root-mean-square (rms) value of the let-through current as determined from the 
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manufacturers’ let-through curves (see Example | in 9.4.4.2). For delayed tripping of 0.2 s or 
longer, the rms value of the decayed current over the flow period of fault current should be 
used. 


9.4.1.3 Short-circuit currents based on equipment ratings 


For liberal design margins where economic considerations are not critical, the interrupting 
current ratings of the noncurrent-limiting circuit breakers or noncurrent-limiting fuses may 
be used as the basis for cable selection and protection. This approach, of course, assumes that 
the protective devices have been applied within their ratings. 


9.4.1.4 Ground-fault currents and rates of decay 


The fundamentals of ground short-circuit current behavior are similar to the characteristics of 
phase-fault current, but the calculations are different, as described in Chapter 2 and 
Chapter 8. For a solidly grounded system, the ground-fault current is in the same order of 
magnitude as the phase-fault current. For a low-resistance-grounded system, the magnitude 
of the ground-fault current is limited to a sustained value determined by the resistor’s current 
rating. The decay of the dc component occurs so rapidly that the asymmetry effect in the cur- 
rent wave shape can be ignored. For a high-resistance-grounded or ungrounded system, the 
ground-fault current is small, but should be immediately alarmed and quickly cleared to pre- 
vent persistent arcing and the occurrence of a more serious fault involving other conductors 
or circuits. 


Ground-fault currents of over 3 A to 4 A are likely to ignite organic insulation in the arc path 
within a few minutes, developing a local fire and subsequent phase-to-phase fault, with exten- 
sive damage. 


9.4.2 Conductor temperature 

9.4.2.1 Temperature rise of phase, neutral, or insulated grounding conductors 
On the basis that all heat is absorbed by the conductor metal and no heat is transmitted from 
the conductor to the insulation material, the temperature rise is a function of the size of the 


metallic conductor, the magnitude of the fault current, and the time of the current flow. These 
variables are related by the following empirical equations (see ICEA P-32-382-1999): 


: “UF 0.0297 1 Epa s 
Gok ic) i OL 19 T+ 234 or copper 


ey F 0.0125 1 aN siden lumi 
(<a) (tF ,.) . OL 19 T+ 228 or aluminum 


If the initial temperature To and final temperature Ty are predetermined on the basis of 
continuous-current rating and insulation material, respectively, the current J versus time ¢ 
relation of current flow can be plotted for each conductor size (CM). 
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9.4.2.2 Temperature rise of shield and sheath 


On the same basis as for phase conductors, the temperature rise on the shield or sheath due to 
ground-fault current can be related to the magnitude of the fault current /, the cross section 
CM of the shield and sheath, the spiral cross section and length for the spiral, tape shield, and 
the time ¢ of current flow, as shown in Table 9-1 (see ICEA P-45-482-1999). 


Table 9-1— Temperature rise of shield and sheath due to ground-fault current 


Initial/Final temperatures 


Material 
65/200 °C 65/150 °C 90/250 °C 


Copper I= 0.0568 


t 


Aluminum I = 0.0371 ou 
alt alt 


t 


CM 
Lead I = 0.0103— 
alt alt 


t 


Steel I= 0.0205—/ 


lt 


A comprehensive study has been conducted of the flow of ground-fault currents through 
shields, conduits, and ground wires during ground faults in connected equipment (see Hamer 
and Wood [B2]). Contrary to intuition, most of the ground-fault return current does not return 
through the shields of the cables connected to the phase that includes the equipment ground 
fault. (in a fault between a conductor and its own metallic shield, the faulted shield would 
carry most of the ground return current, but external ground faults in connected equipment 
are the major concern of this subclause.) Tests show that little difference exists in the 
magnitudes of the ground-fault return currents through the shields of individual cables 
connected to equipment that contains a ground fault. The impedances of cable shields 
routinely used in industry are relatively high compared with other ground return paths, such 
as ground wires within conduits or the conduit itself. Accordingly, the ground-fault return 
current divides among several paths with most of the current diverted away from the shields. 
While the scope of this chapter does not include covering the actual division of these 
currents, guidelines for protecting shields can be provided. For through ground faults of 
under 1000 A and conventional operating times of ground protection relays, Hamer and 
Wood have concluded that metallic shields are not being damaged during ground faults. For 
ground faults exceeding 1000 A, a ground wire should be included within the conduits to 
provide a reliable low-impedance ground return path. This setup is especially applicable for 
systems using rigid-steel conduit as the return path. Without ground wires within the conduit, 
sparking at the couplings (see Kaufmann [B9]) may occur during faults with the resulting 
risks for conduits routed through hazardous (or classified) locations (see the NEC). The use 
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of a ground wire also eliminates concern over corroded or loose couplings and bushings. 
Chapter 2 of IEEE Std 142-1991 contains information for the sizing of ground wires. 


9.4.2.3 Maximum short-circuit temperature ratings 


ICEA P-32-382-1999 established a guideline for short-circuit temperatures for various types 
of insulation as shown in Table 9-2. The short-circuit temperature ratings are considered the 
maximum temperatures and, to protect the cable insulation from damage, should not be 
exceeded. General agreement does not exist that the temperatures from ICEA P-32-382-1999 
accurately depict conductor temperatures because they are calculated rather than measured. 
However, agreement does exist that the temperatures shown in Table 9-2 are higher than 
actual and, therefore, conservative for the purposes of this chapter. 


Table 9-2— Maximum short-circuit temperatures 


Continuous Short-circuit current 
Type of insulation temperature rating Tg temperature rating Ty 
CC) CC) 


Rubber 75 


Rubber 90 


Silicone rubber 125 


Thermoplastic 60, 75, 90 


Paper 85 


Vanishing cloth 85 


9.4.2.4 Temperature-current-time curves 


For convenience in determining the cable size, the curves depicting the relationship of tem- 
perature-current-time are prepared from the temperature rise formula and are based on the 
temperature rise from the continuous to short-circuit temperature limits. Figure 9-2 and 
Figure 9-3 show the curves for copper and aluminum conductors from 75 °C to 200 °C. They 
also incorporate the total fault-clearing times of various types of switching equipment. For 
competent design, a cable may be selected on the basis of the expected load current, total 
short-circuit clearing time, and available short-circuit current. For example, AWG # 2/0 cop- 
per cable may be selected for connection to a circuit capable of producing 21 000 A with a 
clearing time of 8 cycles, and # 4/0 aluminum cable may be selected for connection to the 
same circuit. 
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*Clearing time of current-limiting fuses and current-limiting MCCBs in current-limiting range is 
approximately 0.25 cycles (0.004 s). See Table 9-3a through Table 9-3e. 


Figure 9-2—Maximum short-circuit current for insulated copper conductors 
(initial temperature 75 °C; final temperature 200 °C; for other temperatures 
use correction factors of Figure 9-4) 


9.4.2.5 Initial and final temperatures 


For cables rated at initial (or operating) and final (or maximum short-circuit) temperatures 
different from 75 °C and 200 °C, respectively, correction factors for use with Figure 9-2 and 
Figure 9-3 may be determined by use of Figure 9-4. With this chart, a correction factor is 
obtained by which the actual available fault current is converted to a virtual available fault 
current that is then used with Figure 9-2 and Figure 9-3. The actual available fault current is 
multiplied by the correction factor K, to obtain the virtual available fault current. 


Using Figure 9-4, the following examples were calculated: 


a) Initial temperature = 50 °C 


Maximum fault temperature = 200 °C 
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*Clearing time of current-limiting fuses and current-limiting molded-case circuit breakers in 
current-limiting range is approximately 0.25 cycles (0.004 s). See Table 9-3a through Table 9-3e. 


Figure 9-3 —Maximum short-circuit current for insulated aluminum 
conductors (initial temperature 75 °C; final temperature 200 °C; 
for other temperatures use correction factors of Figure 9-4) 


K, = 0.899 
Actual available fault current = 20 000 A 


Virtual available fault current = 0.899 x 20 000 = 17 980 A on Figure 9-2 and 
Figure 9-3 


b) Initial temperature = 90 °C 
Maximum fault temperature = 250 °C 
K, = 0.925 
Actual available fault current = 20 000 A 


Virtual available fault current = 0.925 x 20 000 = 18 500 A on Figure 9-2 and 
Figure 9-3 
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Figure 9-4—Correction factors K; for initial and maximum short-circuit 
temperatures 


In both cases, a smaller conductor might be safely used. 
9.4.3 Protective devices 
9.4.3.1 Total fault-clearing time 


Devices to protect cables against short-circuit damage should have high reliability and fast 
fault-clearing time. In the protective scheme, primary protection is the first line of defense, 
and backup protection, the second line of defense. Primary protection normally provides 
prompt, but not necessarily instantaneous, fault-clearing time while backup protection is 
timed for more delayed fault-clearing time. Whether these two levels of protection are to be 
provided for all cables is a decision to be made in initial design stages. Total clearing times 
are defined as follows: 


a) Relayed circuit breaker. Total fault-clearing time equals overcurrent relay time plus 
auxiliary relay time (if used) plus circuit breaker interrupting time. 


b) Direct tripping circuit breaker. Total fault-clearing time equals circuit breaker clear- 
ing time. 


c) Fuses. Total fault-clearing time equals melting time plus arcing time. 
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9.4.3.2 Protective devices and clearing time 


The total clearing time of various types of protective devices depends on the type of relay and 
circuit breakers or fuses used. Table 9-3a through Table 9-3e estimate the total clearing times 
of various types of protective devices. 


Table 9-3a— Estimated clearing times of protective devices: 
relayed circuit breakers, 2.4—13.8 kV 


Type of relay 
induction, 
instantaneous 


Induction, 
inverse time 


Plunger, 
instantaneous 


Relay times (cycles) 


Circuit breaker interrupting 
time (cycles) 


Total time (cycles) 


Table 9-3b— Estimated clearing times of protective devices: 
molded-case circuit breakers, 600 kV and below 


Frame size 


225-600 A 1600-4000 A 


Instantaneous (cycles) 2-3 


Short time (cycles) 10-30 


Long time (s) over 100 


Ground fault (cycles) 10-30 


Table 9-3c— Estimated clearing times of protective devices: 
power circuit breakers, 600 kV and below 


Frame size 


100-1200 A 


225-1200 A (current limiting) 


Instantaneous (cycles) 0.5-1 : Less than 0.5 


Long time (s) over 100 
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Table 9-3d—Estimated clearing times of protective devices: 
medium- and high-voltage fuses 


High current 0.25 cycles (for current-limiting fuses operating in their 
current-limiting range) 


1.0 cycles (for power fuses at maximum current) 


Low current 600 s (for E-rated fuses operating at 2 times nominal rating; 
other ratings are available with different times at 2 times 
nominal rating) 


Table 9-3e—Estimated clearing times of protective devices: 
low-voltage fuses 


High current 0.25 cycles (in current-limiting range) 


Low current 1000 s (at 1.35 to 1.5 times nominal rating) 


For convenience, the total clearing time of various overcurrent devices is shown in the lower 
left-hand corner of Figure 9-2 and Figure 9-3. These data can be used together with maxi- 
mum short-circuit current for proper selection of cable sizes. 


9.4.3.3 TCCs of protective devices 


A protective device provides maximum protection if its TCCs are suitably below (i.e., 20% in 
time) the TCCs of the cable short-circuit current versus the time curves shown in Figure 9-2 
and Figure 9-3. Thus the selection of fuses, overcurrent relays, or circuit breakers is vitally 
important to the protection of cables. Figure 9-5, Figure 9-6, and Figure 9-7 illustrate the 
characteristics of relays and devices commonly used in feeder circuits. Shown also are the 
maximum available short-circuit currents of the system and the maximum short-circuit 
current curve of the cable. 


9.4.3.4 Backup protection 


In some instances, the setting or rating of a given device, rather than just protecting the imme- 
diate downstream element, may be selected to protect the second downstream element (e.g., 
cable). This setup would come into play if a protective device failed; in other words, the next 
upstream device would operate in adequate time to prevent damage to elements such as cable 
on the load side of the failed device. This feature is known as backup protection. 


Backup protection is almost never applied to industrial or commercial branch circuits, but is 
occasionally applied to feeder and subfeeder protection. The consequences resulting from 
failure of a feeder or subfeeder protective device need to be considered in deciding whether 
backup protection should be provided. Such protection is frequent in utility system practice, 
but not generally used in industrial or commercial systems. 
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Figure 9-5—Short-circuit and overload protection of 5 kV cables 


9.4.4 Application of short-circuit current protective devices 
9.4.4.1 Typical cases of cable protection 


Power cables are used for transmission or distribution, or as feeders to utilization equipment. 
The following cases are typical in industrial and commercial power systems: 


a) A single cable feeder through a pull box or splice joint or with taps should be 
protected in the same manner as feeders to panels [see Views (b), (d), (e), and (f) of 
Figure 9-8]. 
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Figure 9-6—Short-circuit and overload protection of 600 V cables 


A single or multiple cable feeder without a pull box or taps should be protected from 
the maximum short-circuit current that can occur at the load terminals. 


A multiple cable feeder with or without pull box or splice joint should be protected 
from the maximum short-circuit current caused by a fault on one cable. The 
short-circuit current in each cable is not equally distributed because the maximum 
current on the faulted cable is greater than the total current divided by the number of 
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Figure 9-7—Short-circuit and overload protection of 600 V cables 


cables [see View (c) of Figure 9-8]. Problems arise in the protection of parallel cables 
unless individual devices are used for each cable. 


c) A single or multiple cable feeder through a pull box or splice joint, or with taps, 
should be protected from the maximum short-circuit current caused by a fault on the 
tapped cables or end section of spliced cable. A cable fault requires the replacement 
of only the faulted cable section [see View (d) and View (f) of Figure 9-8]. 


d) Multiple-feeder circuits should be protected in a similar manner to each individual 
circuit [see View (g) of Figure 9-8]. 
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g) Multiple-cable feeder with pull box and taps 


Figure 9-8— Application of protective devices 


9.4.4.2 Protection and coordination 


The protective device should be selected and coordinated to give the cable sufficient 
short-circuit protection. This process can be done easily by plotting the TCC curves of the 
protected cable and the protective device on the same log-log graph paper. The TCC curve of 
the protective device should always be below and to the left of the maximum short-circuit 
current-time curve (see Figure 9-2 and Figure 9-3) of the protected cable. Figure 9-5 through 
Figure 9-9 illustrate that a #4/0 copper insulated cable may be protected by various 
protective devices as follows: 
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A 5 kV # 4/0 feeder is protected by a current-limiting fuse [see View (a) of Figure 9- 
5] or a Device 50/51 or Device 49/50 relay [see View (b) of Figure 9-5]. 


A 600 V # 4/0 feeder is protected by instantaneous tripping [see View (a) of Figure 9- 
6], by short-time tripping [see View (a) of Figure 9-6], or by an instantaneous MCCB 
[see View (a) of Figure 9-7]. 


A 600 V # 4/0 motor circuit is protected by a 400 A current-limiting fuse [see 
View (a) of Figure 9-7]. 
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Figure 9-9—Cable loading and temperature rise 


Special consideration is required whenever equipment-grounding conductors are sized 
smaller than the phase conductors because the overcurrent device can be several sizes larger 
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than the equipment-grounding conductor, making it more difficult to protect. Examples of 
short-circuit protection are given in 9.4.4.2.1 and 9.4.4.2.2. 


9.4.4.2.1 Example 1 


Figure 9-10 presents a one-line diagram for Example 1. 
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Figure 9-10— One-line diagram for Example 1 


1) Findrms let-through current of the current-limiting fuse. 


Entering the let-through curve of the current-limiting fuse at 30 kA, and using the up, 
over, and down method the rms let-through current is found to be 12 kA (see 
Figure 9-11). Some manufacturers use symmetrical available short circuit (SCA). 
The manufacturer’s instructions should be followed for use of let-through curves. 


2) Find the short-circuit capability of the 4/0 copper conductor. 


In this example, assume that the initial operating temperature is the 90 °C continuous 
rating of the cable. The reason for this conservative assumption is that the initial 
operating temperature is a function of not only the loading, but also the ambient tem- 
perature. Therefore, determining the actual operating temperature is not always easy. 
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NOTE: CHECK SPECIFIC MANUFACTURER FOR EXACT DATA. 


Figure 9-11—Current-limiting fuse let-through for use with Example 1 


Entering Figure 9-4 with an initial temperature of 90 °C and a maximum short-circuit 
temperature of 250 °C, K, is found to be 0.925. (See 9.4.2.5 for additional informa- 
tion on the use of Figure 9-4.) 


The virtual available fault current should be found for use with Figure 9-2. Virtual 
available fault current is defined in 9.4.2.5 as the product of the actual available fault 
current and K, . In this example, the actual available fault current is reduced to 12 kA 
because of the current-limiting effect of the 200E current-limiting fuse. Therefore, 


virtual available fault current = K,x 12kA 
0.925 x 12 kA 
11.1kA 


Entering Figure 9-2 with the virtual fault current of 11.1 kA, the 4/0 cable is found to 
safely carry 11.1 kA for approximately 100 cycles. Referring to Table 9-3a through 
Table 9-3e, a medium-voltage current-limiting fuse operating in the current-limiting 
range is found to clear a fault in 0.25 cycles. Therefore, the cable is well protected 
from short-circuit damage. 


Plot cable short-circuit thermal limit curve on a coordination plot. 


The short-circuit thermal limit curve for this example is constructed by shifting the 
4/0 copper damage curve of Figure 9-2 by a current factor of 1/K, and plotting points 
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from the shifted curve of Figure 9-2 on to the protection plot (d) in Figure 9-12. An 
example of curve shifting is given in Figure 9-13. 


TIME 


RATING OF FUSE < 3x 
AMPACITY OF 4/0 CABLE 
PER ARTICLE 240! OF 

1999 NATIONAL ELECTRICAL 
CODE 


a 200E CLF 


200E CLF 


VP ajo cu 


12 kA rms CLF 


L : LET-THRU 


1. 


10 SEC. LIMIT OF SHORT 
CIRCUIT DAMAGE CURVE PLO T 


MAGNITUDE OF LET-THRU 
OF CLF (LIMIT OF DAMAGE 


4/0 DAMAGE CURVE OF CURVE PLOT) 


FIG. 150 SHIFTED BY A 
CURRENT FACTOR OF 1/Kt 


0.01 SEC. RECEIVING BUS 


CURRENT———> ra 
| 


rms LET-THRU OF CLF—-12 kA 
FOR 0.25 CYCLE DURATION 
OF FAULT CURRENT FLOW 


Figure 9-12—Short-circuit protection plot for Example 1 


9.4.4.2.2 Example 2 
Figure 9-14 presents a one-line diagram for Example 2. 


1) Find the equivalent rms value of the fault current flowing over the time required to 
clear fault. 


From 9.4.1.2, the subtransient current is assumed to flow over the time required for a 
medium-voltage circuit breaker and instantaneous relay to clear the fault. From 
Figure 9-3 and Table 9-3a through Table 9-3e, the total clearing time of a 5 cycle 
circuit breaker and instantaneous relay is taken as 0.12s. Therefore, 40 kA 
subtransient short-circuit current is assumed to flow for 0.12 s. 


2) Find the short-circuit capability of the 500 kcmil aluminum conductors. 


The initial and final temperatures in Example 2 are the same as in Example 1. There- 
fore, K, = 0.925. (See Example 1 for determination of K, and the virtual available 
fault current.) In order to find the short-circuit capability of the 500 kcmil aluminum 
cable, Figure 9-3 should be entered with the virtual available fault current. Therefore, 
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4/0, CU, SHORT ee 


THERMAL LIMIT CURVE 
FROM FIG. 150 


TIME THIS SHIFTED CURVE TO BE SHOWN ON 
7 COORDINATION PLOT. 


4/0 SHORT CIRCUIT THERMAL LIMIT 
CURVE OF FIG. 9-2 SHIFTED 
BY CURRENT FACTOR OF 1/K; 


— 40 kA x 1/K, 
= 40 kA x 1/0.925 
= 43.24 kA 


0.1 SEC. - -- 


} 
POINT PICKED OF | 
RANDOM FROM 4/0 | 
THERMAL SHORT | 
CURVE, FIG. 9-2 } 
I 
I 
I 


CURRENT ———> 40 kA v 


Figure 9-13—Shifting of thermal limit curve for use with coordination plot of 


306 


Example 1 


virtual available fault current = K,x40kA 
0.925 x 40 kA 
37 kA 


Entering Figure 9-3 with 37 kA, a single conductor 500 kcmil aluminum cable is 
found to carry 37 kA for about 0.6 s. The fault is cleared in 0.12 s; therefore, the 
cable is well protected from short-circuit damage. 


NOTE — Under short-circuit conditions, all fault current is assumed to flow through a single 
conductor when multiconductor feeders are utilized. 


The short-circuit protection plot is shown in Figure 9-15. See Example 1 for the 
method of plotting the thermal limit curve on the short-circuit protection plot. The 
shifted short-circuit thermal limit curve should be plotted on the coordination plot 
between the current limits shown in Figure 9-15. 
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13.8 kV SOURCE BUS EXAMPLE 2 


p+——___ 2-500 kcmil ALUMINUM PER PHASE. 250°C 
SHORT CIRCUIT CURRENT TEMPERATURE 
RATING, 90°C CONTINUOUS RATING. 


40 kA SUBTRANSIENT FAULT 
CURRENT AVAILABLE (SEC. 9.4.1.2) 


RECEIVING BUS 


NOTE: UNDER SHORT CIRCUIT CONDITIONS, ALL FAULT CURRENT IS 
ASSUMED TO FLOW THROUGH A SINGLE CONDUCTOR WHEN 
MULTICONDUCTOR FEEDERS ARE USED. [SEC. 9.4.4.2.2(b)] 


Figure 9-14— One-line diagram for Example 2 


9.5 Overload protection of cables 


Overload protection cannot be applied until the current-time capability of a cable is deter- 
mined. Protective devices can then be selected to coordinate cable rating and load 
characteristics. 


9.5.1 Normal current-carrying capacity 
9.5.1.1 Heat flow and thermal resistance 


Heat is generated in conductors by PR losses. It must flow outward through the cable 
insulation, sheath (if any), the air surrounding the cable, the raceway structure, and the 
surrounding earth in accordance with the following thermal principle (see AIEE Committee 
Report [B1]; Neher and McGrath [B11]; Shanklin and Buller [B13]; Wiseman[B 14]): 


nee = difference between conductor and ambient temperature 
thermal resistance from materials 
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* j" is the equivalent value of the rms fault current over the duration of flow of the fault 
current (see 9.4.1.2) 


Figure 9-15—Short-circuit protection plot for Example 2 


The conductor temperature resulting from heat generated in the conductor varies with the 
load. The thermal resistance of the cable insulation may be estimated with a reasonable 
degree of accuracy, but the thermal resistance of the raceway structure and surrounding earth 
depends on the size of the raceway, the number of ducts, the number of power cables, the 
raceway structure material, the coverage of the underground duct, the type of soil, and the 
amount of moisture in the soil. These considerations are important in the selection of cables. 


9.5.1.2 Ampacity 


The ampacity of each cable is calculated on the basis of fundamental thermal laws 
incorporating specific conditions, including type of conductor, ac/dc resistance of the 
conductor, thermal resistance and dielectric losses of the insulation, thermal resistance and 
inductive ac losses of sheath and jacket, geometry of the cable, thermal resistance of the 
surrounding air or earth and duct or conduits, ambient temperature, and load factor. The 
ampacities of the cable under the jurisdiction of the NEC are tabulated in its current issue or 
amendments. The current-carrying capacity of cables under general operating conditions that 
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may not come under the jurisdiction of the NEC are published by the Insulated Cable 
Engineers Association (ICEA). In its publications, the ICEA describes methods of calculation 
and tabulates the ampacity for 1 kV, 8 kV, 15 kV, and 25 kV cables (see ICEA S-19-81 or 
NEMA WC 3-1993, ICEA-61-402 or NEMA WC 5-1992, ICEA S-65-375 or NEMA 
WC 4-1988). The ampacities of specific types of cables are calculated and tabulated by 
manufacturers. Their methods of calculation generally conform to ICEA P-54-440 or NEMA 
WC 51-1986. 


9.5.1.3 Temperature derating factor (TDF) 


The ampacity of a cable is based on a set of physical and electrical conditions and a base 
ambient temperature defined as the no-load temperature of a cable, duct, or conduit. The base 
temperature generally used is 20 °C for underground installation, 30 °C for exposed conduits 
or trays, and 40 °C for medium-voltage cables. 


TDFs for ambient temperatures and other than base temperatures are based on the maximum 
operating temperature of the cable and are proportional to the square root of the ratio of 
temperature rise, that is, 


current capacity 

_ Iy _ at base ambient temperature 
M current capacity 

at other ambient temperature 


Pye Te 
Bis Ts 


temperature rise above 
base ambient temperature 
temperature rise above 
other ambient temperature 


9.5.1.4 Grouping derating factor 


The no-load temperature of a cable in a group of loaded cables is higher than the base 
ambient temperature. To maintain the same maximum operating temperature, the 
current-carrying capacity of the cable should be derated by a factor of less than 1. Grouping 
derating factors are different for each installation and environment. Generally, they can be 
classified as follows: 


—  Forcable in free air with maintained space 

—  Forcable in free air without maintained space 
— For cable in exposed conduits 

— For cable in underground ducts 
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NEC Table 318-9 and Table 318-10 list fill limits for low-voltage cables in cable trays. NEC 
Article 318-11 covers the ampacity of low-voltage cables in trays. Article 318-12 and 
Article 318-13 cover ratings and fills of medium-voltage cables in cable trays. 


9.5.1.5 Frequency and harmonic derating factors 


Chapter 9 and Chapter 12 of IEEE Std 141-1993 contain information pertaining to the derat- 
ing of cables as the result of harmonics and frequency considerations. (Six-pulse harmonic 
current distribution is covered in 9.8.2.3, and Figure 12-7 treats 400 Hz and 800 Hz systems.) 


9.5.2 Overload capacity 
9.5.2.1 Normal loading temperature 


Cable manufacturers specify for their products the normal loading temperature, which results 
in the most economical and useful life of the cables. Based on the normal rate of 
deterioration, the insulation can be expected to have a useful life of about 20 years to 
30 years. Normal loading temperature of a cable determines the cable’s current-carrying 
capacity under given conditions. In regular service, rated loads or normal loading 
temperatures are reached only occasionally because cable sizes are generally selected 
conservatively in order to cover the uncertainties of load variations. Table 9-4 shows the 
maximum operating temperatures of various types of insulated cables. 


9.5.2.2 Cable current and temperature 


The temperature of a cable rises as the square of its current. The cable temperature for a given 
steady load may be expressed as a function of percent full load by the formula 


Ty =T, + (Ty —T,) Ix! Ty)’ 


Figure 9-9 shows this relation for cables rated at normal loading temperatures of 60 °C, 
75 °C, 85 °C, and 90 °C. 


9.5.2.3 Intermediate and long-time zones 


Taking into account the intermediate and long-time ranges from 10s out to infinity, the 
definition of temperature versus current versus time is related to the heat dissipation 
capability of the installation relative to its heat generation plus the thermal inertias of all 
parts. The tolerable temperatures are related to the thermal degradation characteristics of the 
insulation. The thermal degradation severity is, however, related inversely to time. Therefore, 
a temperature safely reached during a fault could cause severe life reduction if it were 
maintained for even a few minutes. Lower temperatures, above the rated continuous 
operating temperature, can be tolerated for intermediate times. 
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Table 9-4—Typical normal and emergency loading of insulated cables 


Normal Emergency 
loading loading 
(°C) (°C) 


Normal 


Insulation Cable type voltage 


Thermoplastic T, TW 


THW 


THH 


Polyethelene 


Thermosetting R, RW, RU 


XHHW 


RHW, RH-RW 


Cross-linked 
polyethylene 


Ethylene-propylene 


Varnished polyester 


Varnished cambric 


Paper lead 


Silicone rubber 


The ability of a cable to dissipate heat is a factor of its surface area, while its ability to 
generate heat is a function of the conductor cross section, for a given current. Thus, the 
reduction of ampacity per unit cross-section area as the wire sizes increase tends to increase 
the permissive short-time current for these sizes relative to their ampacities. It may be seen in 
Figure 9-16 that the extension of the intermediate characteristic, on a constant Pt basis, 
protects the smallest wire sizes and overprotects the largest sizes, as shown in Figure 9-16. 
Constant /71 protection is readily available and is actually the most common; therefore, a 
simplification of protection systems is possible. 


The continuous current, or ampacity, ratings of cable have been long established and pose no 


problems for protection. The greatest unknown in the cable thermal characteristic occurs in 
the intermediate time zone, or the transition from short-time to long-time or continuous state. 
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(See Table 43) 


Figure 9-16 —Rate of temperature rise due to current increase 


9.5.2.4 Development of intermediate characteristics 


Cable, with the thermal inertia of its own and of its surroundings, takes from 1 h to 6h to 
change from initial to final temperature as the result of a current change. Consequently, over- 
loads substantially greater than its continuous rating may be placed on a cable for this range 
of times. 
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Additionally, all cables except polyethylene (not cross-linked) withstand, for moderate 
periods, temperatures substantially greater than their rated operating temperatures. This is a 
change recently developed from work done within ICEA and published by that organization 
(see 9.9). For example, EPR and XLP cables have emergency ratings of 130 °C, based on 
maximum time per overload of 36 h, three such periods per year maximum, and an average of 
one such period per year over the life of the cable. Thermoplastic cables degrade in this 
marginal range by progressive evaporation of the plasticizer and can operate for several hours 
at the next higher grade operating temperature (90 °C for 75 °C rating, and so forth) with 
negligible loss of life. Therefore, emergency operating overloads may reasonably be applied 
to cables within the time and temperature ratings. This capability should be the basis of 
application of protection of the cables. 


The complete relationship for determining intermediate overload rating is as follows: 


fee lor (72) 


Percent overload capability = te Yo = oS (= 7) 100 
Ty faa 230+T, 
where 
Ir is emergency operating current rating, 
In is normal current rating, 
Io is operating current prior to emergency, 
T; is conductor emergency operating temperature, 
Ty is conductor normal operating temperature, 
To is ambient temperature, 
K is a constant, dependent on cable size and installation type (see Table 9-5), 


230 is zero-resistance temperature value (234 for copper, 228 for aluminum), 
e is base for natural logarithms. 


Table 9-5—K factors for equations in 9.5.2.4 


Air 


Underground Direct 
duct buried 


Cable size 
No cond In cond 


<#2 


#2-#4/0 


>250 kcmil 


If the cable has been operated at its rated current prior to the excursion, then [g / Iy = 1 so the 
relation is simplified to: 


Copyright © 2001 IEEE. All rights reserved. 313 


IEEE 
Std 242-2001 CHAPTER 9 


This equation is the basic formula used in this chapter as representing the maximum safe 
capability of the cable. 


While many medium-voltage cables are operated at substantially less than full rated capacity, 
most low-voltage cables are operated near their rated ampacity. Even for medium-voltage 
cable, full loading is occasionally impressed. Regardless of preloading, protection should be 
coordinated with cable characteristics, not loading. Therefore, data presented in this sub- 
clause are based on 100% preloading, by the preceding equation. Factors are developed for 
approximating the characteristic for lower preloadings. For such preloadings, the data pre- 
sented in this subclause are even more conservative. 


Intermediate zone characteristics of medium-voltage cables and 75°C and 90°C 
thermoplastic cables are tabulated in Table 9-6 with the characteristics of medium-voltage 
cable illustrated graphically in Figure 9-17a. These factors all apply to preloading at rated 
ampacity at 40 °C ambient temperature. For lower ambient temperatures and when cable 
ampacities have been increased to take this into account, the intermediate overload current 
percent should be reduced by the following factors for each degree decrease in ambient 
temperature below 40 °C: 


EPR-XLP 


THH 


THW 


For preloading less than 100% of rating, emergency overload percentages can be increased by 
the following factors: 


Preloading 


80% 


NOTE— This may safely be done only for permanent preloadings of these percentages. 
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Figure 9-17a—Emergency overload current percent of continuous rating, 


EPR-XLP cable, insulated, 40 °C ambient temperature 


Intermediate time-current overload curves such as in Figure 9-17b can also be determined by 
use of Table 9-6 and Table 9-7. An example of the use of the tables follows: 


Example 


Determine the intermediate time-current emergency overload curve for three, single- 
conductor, #2 AWG copper, 5 kV EPR cables in conduit in air in an ambient temperature of 


40 °C. 
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Table 9-6-—Emergency overload current /¢, 
percent of continuous rating at 40 °C ambient temperature 


Values of K 


2.5 


EPR-XLP T= 130°C 


0.00278 1136 3200 


0.0278 374 1018 


0.278 160 339 


2.78 126 152 


5.0 126 137 
Ty = 105°C 


0.00278 2033 


0.0278 651 


0.278 229 


2.78 124 


5.0 116 


0.00278 


0.0278 


0.278 


2.78 


5.0 


For #2 AWG EPR cables in conduit in air, the K factor is 1.5 (see Table 9-5). NEC Table 310- 
73 lists an ampacity of 130 A for #2 AWG, 5 kV copper cables in conduit in air. Incorporation 
of these data into Table 9-6 is tabulated below: 


9.5.2.5 Direct buried cables 


With direct buried cables, the conductor operating temperature needs to be kept at no more 
than 65 °C to keep the outside surface temperature below 60 °C, unless the supply of moisture 
in the soil is ample. For higher surface temperature, moisture in the normal soil migrates 
away from the cable, raising the soil thermal resistivity and resulting in overtemperature of 
the cables. Therefore, for intermediate emergency overload, a maximum conductor tempera- 
ture of 80 °C has been selected as suitable to preserve this thermal resistivity condition for the 
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Figure 9-17b—Ratings of small and large cable in conduit in air, 
intermediate and short-time, EPR and XLP 


Table 9-7—Emergency overload current kx, 
percent of continuous rating at 20 °C ambient temperature, direct buried, 
Ty = 65 °C, Te = 80 °C 


Values of K 


0.00278 


0.0278 


0.278 


2.78 


5.0 
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From Table 9-6 


Allowable emergency overload 
amperes based on 130 A 
continuous-current rating 
(40 °C ambient temperature) 


Percent of continuous- 
current capability for 
EPR-XPL at K = 1.5 


times involved. Consequently, the tables and curves shown for air and duct use are not appli- 
cable. Table 9-7 lists values applicable for direct buried installations. The short-time ratings 
for 250 °C are still applicable for this service because the times involved do not cause mois- 
ture migration. 


9.5.2.6 Additional observations 


The absolute values of the short-time temperature and the emergency operating loading tem- 
perature are not precise. They are values selected and proven to apply to the respective cable 
types without undue deterioration. For example, tests by Georgia Power Company [B10] of 
fault conditions imposed on medium-voltage cable showed no appreciable degradation even 
where the nominal short-time temperature was exceeded by about 50 °C. Likewise, the 
130 °C emergency operating temperature has an applicable time value of 36 h for no undue 
deterioration. Deducing that this insulation can tolerate a somewhat higher temperature (e.g., 
150 °C to 175 °C) for a time shorter than 36 h is only logical. This condition is undoubtedly 
true, but its inclusion in calculations would complicate them unduly. 


A compensating factor exists in the intermediate range. An overcurrent of from 10s to 100s 
range, for example, would not have sufficient time to cause heat to be dissipated by earth that 
was in contact with the cable. Times of over 100 s, and certainly 1000 s, would see this region 
of the heat dissipation chain contributing to the action. Therefore, attributing the surrounding 
medium’s heat dissipation characteristics in the shorter portion of the intermediate zone is 
illogical. Yet, a rigorous mathematical consideration would again substantially complicate the 
analysis. 


Therefore, a trade-off exists: the ability of insulation to withstand higher than nominal 
operating temperatures for shorter periods is considered adequate compensation for the lack 
of contribution of the surrounding media in absorbing heat during the shorter portion of the 
intermediate zone. Without this convention, establishing both varying allowable temperatures 
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and K factors over the whole range of the intermediate zone would be necessary, and such 
calculations would be an undue burden when the present method yields satisfactory results. 


Even the 36 h nominal limit for 130 °C operation for medium-voltage cable does not mean 
that lower operating temperatures cannot be tolerated for longer periods. For example, to 
illustrate the nature of the situation, 120 °C might be tolerated for 75 h, 110 °C for 150 h, and 
100 °C for 500 h. Setting a continuous protective device to trip at precisely the 80 °C ampac- 
ity is almost certain to result in nuisance tripping on power surges. Therefore, the device 
would be set at, in all likelihood, something like 110% of rated cable ampacity, or an operat- 
ing temperature of 100 °C. Visual or similar monitoring would be used to keep the continuous 
loading of a cable from exceeding its rated ampacity for long periods of time. 


9.5.3 Overload protective devices 


9.5.3.1 TCCs 


The time-current overload characteristics (see Figure 9-17a and Figure 9-17b) of the cables 
differ from the short-circuit current characteristic (see Figure 9-2 and Figure 9-3). The over- 
loads can be sustained for a much longer time than the short-circuit current, but the principle 
of protection is the same. A protective device provides maximum protection if its TCC 
closely matches the TCC of the cable overload characteristic. Thermal overcurrent relays 
generally offer better protection than overcurrent relays because thermal relays operate on a 
long-time basis and their response time is proportional to the temperature of the cable or the 
square of its current. 


9.5.3.2 Overcurrent relays 


Very inverse or extremely inverse relays of the induction disk and solid-state types provide 
better protection than moderately inverse relays. However, all induction overcurrent relays 
can be set to afford the cables sufficient protection. View (b) of Figure 9-5 shows the cable 
protection given by overcurrent relays (Device 51) and by thermal overcurrent relays 
(Device 49). 


9.5.3.3 Thermal overcurrent relays or bimetallic devices 


Thermal overload relays or bimetallic devices more closely resemble the cable’s heating 
characteristic, but they are generally not as accurate as an overcurrent relay. View (b) of 
Figure 9-5 shows the cable protection given by thermal overcurrent relays (Device 49); and 
View (b) of Figure 9-7, protection given by bimetallic heaters. 


9.5.3.4 Fuses 
Where selected to match the ampacity of the cable, fuses provide excellent protection against 
high-magnitude short circuits. Additionally, at 600 V and below, fuses provide protection for 


overloads or low-current faults. Figure 9-5 and Figure 9-7 illustrate these applications. 
Figure 9-7 illustrates a combination of fast-acting 400 A fuse and motor overload relays. Had 
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a 225 A dual-element fuse (selected for the ampacity) been used, the fuse alone would have 
provided overload protection. 


Detailed treatment of fuses is given in Chapter 5 of this recommended practice, in Chapter 5 
of IEEE Std 141-1993, in Chapter 5 of IEEE Std 241-1990, and in IEEE Committee Report 
JH 2112-1. 


9.5.3.5 Magnetic trip device or static sensor on 480 V switchgear 


The magnetic trip devices have a wide range of tripping tolerances. Their long-time charac- 
teristics match the cable overload curves for almost three quarters of an hour (see Figure 9-6). 
Static trip devices provide better protection than magnetic direct-acting trip devices. How- 
ever, for safe cable protection, the long-time pickup should be set below the heating curves of 
the cable by sizing the cable with normal loading current slightly greater than the trip device 
pickup current. 


9.5.3.6 Thermal magnetic trip devices on MCCBs 


The characteristics of the thermal magnetic trip devices resemble the characteristics of mag- 
netic trip devices. They do not provide adequate thermal protection to cables during the 
long-term overloads [see View (a) in Figure 9-7]. The cable should be selected and protected 
in the same manner as described in 9.5.3.5. 


9.5.4 Application of overload protective devices 
9.5.4.1 Feeder circuits to panels 


A single- or multiple-cable feeder leading to a panel with or without an intermediate pull box 
should be protected from excessive overload by a thermal overcurrent device. If there are 
splice joints and a different type of installation, such as from an exposed conduit to an under- 
ground duct, the cable segment with the lowest current-carrying capacity should be used as 
the basis for protection [see View (e) of Figure 9-8]. 


A single-cable feeder with taps to individual panels cannot be protected from excessive over- 
load by a single protective device at the sending end, unless the cable is oversized. Therefore, 
overload protection of the tap cable should be provided at the receiving end. The protection 
should be based on the current-carrying capacity of the cable supplying power to the panel 
[see View (f) of Figure 9-8]. A multiple-cable feeder with only a common protective device 
does not have overload protection for each cable feeder. In this case, overload protection 
should be provided at the receiving end [see View(g) of Figure 9-8]. See NEC 
Article 240-21. 


9.5.4.2 Feeder circuit to transformers 
A feeder circuit to one or more transformers should be protected in a similar manner as for 


feeder circuits to the panels. However, a protective device selected and sized for transformer 
protection also provides protection for the primary cable because the cables sized for a full 
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transformer load have higher overload capability than the transformer. [See View (a) of 
Figure 9-5 for a comparison of the time-current curves between cable and transformer. ] 


9.5.4.3 Cable circuit to motors 


A cable circuit to one or more motors should be protected in a similar manner as for cable cir- 
cuits to panels. Again, a protective device selected and sized for motor overload protection 
also provides cable protection because the cable has a higher overload capability than the 
motor [see View (b) of Figure 9-7]. 


9.5.4.4 Protection and coordination 


Protective devices should be selected and cables sized for coordinated protection from 
short-time overload. The method of coordination is the same as for the short-circuit protec- 
tion, that is, the time-current curve of the protective device should be below and to the left of 
the cable overload curve (see Figure 9-17a and Figure 9-17b). Figure 9-5 through Figure 9-7 
illustrate the protective characteristics of relays and devices commonly used in cable circuits 
for overload protection. 


9.6 Physical protection of cables 


Cables require protection against physical damage as well as from electrical overload and 
short-circuit conditions. The physical conditions that should be considered are divided into 
three categories: mechanical hazards, adverse ambient conditions (excluding high tempera- 
tures), and attack by foreign elements. Cables can also be damaged (and frequently are) by 
improper handling during installation. 


9.6.1 Mechanical hazards 


Electric cables can be damaged mechanically by vehicles, falling objects, misdirected exca- 
vation, or failure of adjacent circuits. Mechanical protection should serve the dual function of 
protecting cables and limiting the spread of damage in the event of an electrical failure. 


Isolation is one of the most effective forms of mechanical protection. Conduit, tray, and duct 
systems are more effective if they are physically out of the way of probable accidents. A 
highly elevated cable is adequately protected against vehicles and falling objects. Where con- 
duits or other enclosures must be run adjacent to roadways, large steel or concrete barriers 
provide adequate protection. 


9.6.2 Exposed raceways 


The most popular form of mechanical cable protection is the use of metallic conduits or race- 
ways. In addition to the electrical benefits of the grounded enclosure, the metallic conduit or 
raceway protects the cable against most types of mechanical damage. Cable trays are also 
common because they are economical and convenient for power and control cable systems. 
Cables may have increased protection from mechanical damage through the use of solid 
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metal tray covers and metal barriers in the trays between different circuits. Covers incur 
derating, however. 


9.6.3 Underground systems 


Underground ducts or embedded conduits provide similar mechanical protection. Ducts 
should be encased in concrete for best results. Where they are subject to heavy traffic or poor 
soil conditions, reinforcement of the concrete envelope is desirable. Because excavation near 
underground cable runs is always a problem, coloring the concrete around electrical ducts is 
advisable. The addition of approximately 1.5 kg of iron oxide per sack of cement provides a 
readily identifiable red color, which is meant as a warning to anyone digging into the run. The 
color is effective even in mud or similarly colored soil because it is conspicuous as soon as 
the concrete is chipped. 


9.6.4 Direct buried cables 


The direct buried cables should be carefully routed to minimize damage from traffic and dig- 
ging and to avoid areas where plant expansion is predicted. Cables should be covered with 
some type of special material, such as a brightly colored plastic strip or a wooden or concrete 
plank. Warning signs should also be placed above ground at frequent intervals along the cable 
route. Additionally, plant drawings accurately locating the buried cable run may also prevent 
accidental dig-ins. 


9.6.5 Aerial cable systems 


Insulated cables on a messenger require special care. These systems are especially 
susceptible to installation damage. They should be located away from possible interference 
from portable cranes and support systems and protected from vehicle damage. Space or solid 
barriers provide reasonable protection for supports, whereas warning signs and nonelectric 
cables strung between electric cables and roadways offer protection against cranes and high 
vehicles. 


9.6.6 Portable cables 


Exposed portable cables require extra consideration from a mechanical standpoint. Because 
they must remain portable, enclosures are not practical. The proper selection of a portable 
cable type provides one of the best methods of protection. It should be selected to match 
operating conditions. Moisture resistance, resistance to cutting or abrasion, and type of armor 
are all considerations that influence cable life. However, even the best cables require mechan- 
ical consideration in service. They should not be subjected to vehicular or steel-tired 
hand-pushed traffic. Means should be arranged to allow traffic to pass over or under cables 
without contacting the cable. Care should also be taken in moving portable cables to avoid 
snags or cuts. They should be located where they are clear of welding and where falling 
objects are not a serious hazard. A conspicuous color on the jacket is beneficial in warning 
personnel of the location of a portable cable. 
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9.6.7 Adverse ambient conditions 


In 9.4 and 9.5, protection from overtemperature caused by short-circuit current or overload 
conditions has been discussed. Other ambient conditions, however, cannot be protected by 
overcurrent devices or by compensation for elevated ambient temperatures. 


In any type of cable enclosure, water or dampness should be considered, although under- 
ground installations are the most susceptible. Repeated cycles of high and low temperature, 
combined with humid air, can fill conduits or enclosures with water produced by “breathing” 
and condensation. Stopping the breathing is almost impossible, but suitable drains at low 
points will remove water as it collects. Preventing immersion is always desirable, and duct 
systems and other raceways should be designed to slope so that the water can be removed. 


Many of the available cable insulations are highly resistant to moisture; but where moisture is 
expected, extra care should be taken in selecting the insulation appropriate for that 
application. 


In industrial plants, the moisture problem may be amplified by the presence of various chem- 
icals, and the possibility of chemical contamination should be considered for cables run 
through any process facility. Chemical seepage into ground water, or direct contact due to 
process misoperation, may result in chemicals coming into contact with a cable system. The 
enclosure, insulation, and conductor should all be tested to determine the effect of possible 
chemical contaminants and selected to be most resistant to such chemicals. Where chemical 
contamination is severe, rerouting of the system should be considered. Acids and organic sol- 
vents are especially harmful. 


Fires, which may result directly from cable failure or from unrelated external conditions, can 
cripple almost any cable system. Protecting against damage to one cable caused by the failure 
of an adjacent cable is easier than protecting against damage caused by an external fire. The 
enclosure of individual power circuits and fireproof coatings or tapes are the most effective 
means of limiting this type of damage because it is unusual for a cable with proper electrical 
protection to burn through its individual conduit or raceway. 


Pullboxes, pits, and manholes used as pulling points or sorting areas are the greatest fire 
hazards with respect to fault conditions; and elimination of the common enclosure for several 
circuits, where possible, offers the best protection. 


The combustion of materials adjacent to a cable system is a difficult condition against which 
to protect. The obvious solution is to remove all combustibles from the vicinity of the cables. 
As much as possible, this practice should be undertaken. Critical circuits should be separated 
to lessen the extent of fire damage, and the use of multiple circuits following different routes 
can assure continuous service. Higher temperature-rated cable types might be considered for 
increased safe shut-down time. 


In all cases the selection of proper enclosures or coverings can minimize fire damage; 
however, the method chosen should be based upon the possible hazards involved. For 
underground installation, heavier enclosures, higher racks, and overinsulation using materials 
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with greater temperature resistance are all considerations; and under severe conditions, the 
use of mineral insulation (MI) cables may help. 


9.6.8 Attack by foreign elements 


In some environments, cable systems may be subject to attack by animals, insects, plants, and 
fungi, all of which may possibly cause cable failure. Small, gnawing animals have been 
known to chew through cables, and insects and small animals such as lizards and snakes can 
cause difficulties at terminations where they or their nests may bridge the gap between termi- 
nals. The use of more resistant enclosures, armor, or indigestible cable materials are effective 
protection. 


In tropical atmospheres, fungi may grow on cable and wire systems. The creation of a dry 
atmosphere is an effective deterrent, although fungus-resistant coatings and insulations are 
protection methods most often applied. 


9.7 Code requirements for cable protection 


Codes and regulations are established to control the installation and operation of electric 
cable systems. Although many different codes and regulations may be applied, depending on 
governmental, geographical, or company requirements, the NEC is most often quoted; and 
portions of it are mandatory by the Occupational Safety and Health Administration’s (OSHA) 
Part 1910.302-1910.309. The engineer is responsible for determining which codes are 
applicable to each project. The discussion in this subclause is limited to the NEC, which is 
principally concerned with overtemperature (or overcurrent), short-circuit, and mechanical 
protection in regard to cable applications. 


Overcurrent protection is covered in NEC Article 240 under the provision requiring all con- 
ductors to be protected in accordance with their current-carrying capacities. In general, the 
current-carrying capacity of cables is determined from the tables contained in Article 310, 
which concerns the installation of conductors. 


Protection of feeders or conductors rated 600 V or less should be in accordance with their 
current-carrying capacities as given in NEC tables, except where the load includes motors. In 
such cases, the protective device may be set higher than the continuous capability of the con- 
ductor (to permit coordination on faults or starting the largest connected motor while the 
other loads are operating at full capacity) because running overload protection is provided by 
the collective action of the overload devices in the individual load circuits. Where protective 
devices rated 800 A or less are applied that do not have adjustable settings that correspond to 
the allowable current-carrying capacity of the conductor, the next higher device rating may be 
used. Other exceptions are allowed in NEC Article 240-3, such as capacitor and welder cir- 
cuits and transformer secondary conductors. 


Feeders rated more than 600 V are required to have short-circuit protection, which may be 


provided by a fuse rated at no more than 300% of the conductor ampacity or by a circuit 
breaker set to trip at no more than 600% of the conductor ampacity. Although not required by 
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the NEC, improved protection of these circuits is possible when running overload protection 
is also provided in accordance with the conductor ampacity. 


Motor feeders receive particular attention in NEC Article 430. In general, Article 430 governs 
the selection of the current-carrying capacity of cables used for motor circuits. After the cable 
size is selected in accordance with this article, the actual protection is applied in accordance 
with Article 240. 


NOTE—NEC Article 430 provides rules for the overcurrent protection of the motors themselves. 
Although the discussion in this chapter concerns only cables, motor protective devices may also provide 
the required cable protection. 


NEC Article 310 ensures that cables are adequate for their service applications by specifying 
currents that may be carried by particular conductors with specific insulation classifications 
and under specific governing conditions. It also requires the selection of cable materials that 
are suitable for application conditions, including moisture, chemicals, and nonstandard tem- 
peratures. This article permits the use of multiple cables if means are provided to ensure the 
equal division of current, and if essentially identical conditions and materials are used for 
each of the parallel paths. Article 310 also covers installation methods designed to ensure the 
installation of cables without damage and with adequate working space. 


NRC Article 300 specifies wiring methods and protection required for cables subject to phys- 
ical damage. 


These articles pertain specifically to cable protection, but are not the only provisions of the 
NEC that deal with the subject. Any specific cable or cable system comes under the 
provisions of one or more sections of the NEC, and responsible parties should ensure that the 
protective methods they have selected comply with both the relevant provisions and any 
special requirements that they may impose. 


9.8 Busway protection 


Due to their economies, convenience, and excellent electrical characteristics, 600 V busway 
systems have gradually assumed a role of greater importance in today’s industrial and com- 
mercial buildings. Because numerous cable runs can be consolidated into a single large bus 
duct run, the reliability of duct runs has become a critical factor in building design. Today’s 
busways are well designed for their intended use. However, because of the critical nature of 
their purpose, they must not only suffer fewer outages, they must also be returned to service 
with a minimum of downtime. Thus, while the duct manufacturers can incorporate improved 
design concepts, better insulation, and so forth, it behooves the system designer to spend an 
extra amount of time on incorporating the best possible protection into the integrated system 
so that outages due to factors beyond the designer’s control are minimized in duration. This 
concept is important in that it does not suggest that the number of outages can be controlled. 
It does, however, suggest that by minimizing the duration and extent of the outage, disruption 
of the normal activities can also be minimized. The duration of the outage is to a certain 
degree directly proportional to the amount of damage suffered by the busway during the fault, 
and this amount of damage is determined by the protective elements in the circuit. 
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9.8.1 Types of busways 


Several different designs of busways are available, and each offers certain features that are 
significant when considered in an integrated building plan. These features can be identified as 
follows: 


a) Low-impedance busways 
1) Feeder 
2) Plug-in 
3) High-frequency 

b) High-impedance busways 
1) Service-entrance 
2) Current-limiting 

c) Simple plug-in busways 


9.8.1.1 Low-impedance busways 


Low-impedance busway designs (see Figure 9-18) achieve their low-reactance characteristics 
by a careful positioning of each bus bar in close proximity to other bars of an opposite 
polarity. This close physical spacing (ranging from 1.3 mm to 6.4 mm) demands that each bar 
be coated with some form of insulation to maintain satisfactory protection from accidental 
bridging. The losses in such designs are low. Low-impedance busways are offered in feeder 
construction to transmit substantial blocks of power to a specific location or in plug-in 
construction. Plug-in designs feature door-like provisions at approximately 0.6 m increments 
along the length of the busway which, when opened, expose the bus bars so that plug-in taps 
may be made with minimum effort. Although most low-impedance designs are intended for 
use on 60 Hz applications, some designs may be used at higher frequencies. Low-impedance 
designs are offered in voltage ratings of 600 V or less and current ratings up to 4000 A or 
more. Low-impedance busways may be ventilated or nonventilated and offered in indoor or 
outdoor construction, except that plug-in busways are available for indoor use only. 


9.8.1.2 High-impedance busways 


High-impedance busways (see Figure 9-19) are of two general types: busways with deliberate 
impedance introduced to minimize fault current levels and busways that achieve high-imped- 
ance characteristics as an incidental by-product of their construction. 


In the first type, high reactance is obtained just as low reactance was, by a careful placement 
of each bar relative to every other bar. In this case, however, the goal is to maximize the 
spacing between pairs of bars of opposite polarity. Because these high-impedance designs 
experience high losses and because these losses appear as heat, ventilated construction and 
insulated conductors are frequently employed. They are offered in generally the same ratings 
as low-impedance designs. 


Under the provisions of some standards, a special purpose bus duct design may be built in 


total installed lengths of 10 m or less to connect between an incoming service and a 
switchboard. This duct generally is constructed with a nonventilated enclosure and bars that 
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a) Sandwich construction for heat dissipation and close proximity of conductors, which reduces 
reactance 
b) Higher current ratings, which often employ multiple sets of bars 


Figure 9-18 —Low-impedance busway 


may or may not be insulated. The bars are physically separated, and this large separation, 
introduced for safety, results in high-reactance characteristics. Short-run busways are limited 
to 2000 A and 600 V. 


9.8.1.3 Simple plug-in busways 


Among the first busway designs (see Figure 9-20) introduced in the mid-1930s was a simple 
construction that supported bare conductors on insulators inside a nonventilated casing with 
periodic plug-in access doors. Like the short-run busway, this type of duct offered generous 
bar-to-bar spacings, but because it was not used to carry large quantities of current for 
lengthy runs, its losses were not objectionable. Short-circuit ratings are usually modest. It is 
still widely used today and is available in ratings of 100 A to 1000 A and voltages of 600 V 
or less. 
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Figure 9-19—High-impedance busway where wide phase-to-phase spacings 
result in increased reactance 


9.8.2 Types of faults 


Faults associated with busways are either bolted or arcing. 
9.8.2.1 Bolted faults 


Due to the prefabricated nature of busways, bolted faults are rare. Bolted fault, in this context, 
refers to the inadvertent fastening together of bus bars in a solid fashion resulting in an 
unintended connection between phases. Bolted faults can occur during the initial installation 
or at a later date when modifications are made to the system. The actual offending connection 
might be found in a bus duct cubicle, but it is more often found in pieces of equipment 
connected to the busway, such as a switchboard connection or a load served from a bus plug. 
Because a bolted connection implies a low-resistance connection, the maximum level of fault 
current will flow; therefore, circuit protective elements should be sized in accord with this 
maximum fault level. Bolted faults result in a distribution of energy through the entire length 
of the bus duct circuit. This energy flow results in an intense magnetic field around each 
conductor that opposes or attracts fields around adjacent conductors. The mechanical forces 
thus created are high and capable of bending bus bars (see Figure 9-21), tearing duct casings 
apart, or shattering insulation. For this reason, the busway should have a short-circuit 
withstand rating that is greater than the maximum available fault current. Such ratings are 
published by the various busway manufacturers and are based on a duration of three cycles. 
Table 9-8 reflects the standard ratings of the National Electrical Manufacturers Association 
(NEMA) (see NEMA BU 1-1988 and UL 857-1994). 


9.8.2.2 Arcing faults 


In contrast to the bolted fault, arcing faults can occur at any time in the life of a system. 
Although many individual factors may initiate an arcing fault, they generally involve one or 
more of the following: loose connections, foreign objects, insulation failure, voltage spikes, 
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a) Bare bars spaced far apart offer generous electrical clearances and low cost. 
b) Efficiency is low, but acceptable, for loads of 1000 A or less. 


Figure 9-20—Simple plug-in busway 


and water entrance. Because of the resistance of the arc and the impedance of the return path, 
current values are substantially reduced from the bolted fault level. 


The interaction of the magnetic fields around the conductors and around the arc results in an 
unbalanced force that causes the arc to try to move away from the power source. If the path is 
unobstructed, the arc accelerates and moves quickly toward the remote end of the run. The 
only mark of its passage may be a scarcely noticeable pinhead-size pit every several centime- 
ters along the edge of the bus bar. These tiny marks, however, provide a clear trail for the 
investigator and often lead back to the origin of the fault. As the arc travels away from the 
power source, the length of the circuit becomes greater and the forces causing movement 
become smaller. Eventually, the arc reaches some obstruction that causes it to hesitate long 
enough to cause serious burning or even hang up until the bus duct is burned open. Busways 
employing insulated conductors, of course, do not permit traveling arcs. Arcing, therefore, 
remains at the point of initiation or may burn slowly toward the source. 
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NOTE— The busway on the left was protected by current-limiting fuses while the busway on the 
right was protected by a noncurrent-limiting device. 


Figure 9-21—Simple plug-in busways subjected to fault currents 
above their ratings 


Although the magnitude of current present in an arcing fault is usually less than in a bolted 
fault, the entire thermal effect is concentrated at the arc location and results in major damage 
at that point. Figure 9-22 indicates the damage anticipated in terms of the quantity of 
conductor material vaporized by a phase-to-phase arc at 480 V. A 15 000 A arc persisting at 
one location for 9 cycles would remove about half of the 6-mm-x-51-mm copper conductor. 
This chart is based on a simple plug-in busway design with bars on 57 mm centers. Designs 
with bars closer together or designs employing aluminum conductors may be expected to 
show much more extensive damage. If the designer intends to minimize the duration of 
system outages, concern should be directed toward the arcing fault. Even in an insulated bus, 
arcing faults can persist, and the arc can extend from within the insulating tube to the 
burned-out spot in the insulation, several centimeters to a similar crater within the adjacent 
bus. Simple close spacing of an insulated bus does not guarantee against arcing faults. 


9.8.3 Types of protection 


Like any other circuit, busways are subject to overloads, bolted faults, and arcing faults. Each 
of these is characterized by an entirely different set of parameters and, therefore, requires an 
entirely different set of protective concepts. No single protective element suits all require- 
ments. An examination of the required protection suggests the need for several protective 
devices. 


330 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
CONDUCTOR PROTECTION Std 242-2001 


Table 9-8 —Busway minimum short-circuit current ratings 


Continuous current rating of Minimum short-circuit current 
busway ratings 
(A) (A) 


Symmetrical Asymmetrical 


10 000 


14 000 


22 000 


22 000 


50 000 


22 000 


50 000 


42 000 


85 000 


42 000 


85 000 


65 000 


100 000 110 000 


65 000 


100 000 110 000 


65 000 


150 000 


100 000 


150 000 


200 000 


200 000 


9.8.3.1 Overload protection 


Overloads are, of course, the temporary conditions that cause a busway to carry currents 
greater than its continuous-current rating. Overloads such as stalled rotor currents or motor- 
starting currents generally are not harmful to the busway because each motor served is 
usually small in comparison to the capacity of the busway. Overloads are more likely to occur 
as a result of adding more or larger pieces of equipment, over a period of years, to an existing 
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NOTE-— The bars are spaced on 57 mm centers in standard plug-in bus duct. 


Figure 9-22—TCC for a power arc to burn 
a 6-mm-x-51-mm copper bar halfway 


busway circuit until its capacity is exceeded. Because busways tend to use large conductors, 
they exhibit considerable thermal inertia. For this reason, overloads of a temporary nature 
require a substantial time before their effect is noticed. Figure 9-23 displays time versus 
temperature rise for three different loading conditions. This particular busway required only 
12 min to reach 55 °C at 200% current. The same busway took over 1 h to reach 55 °C at 
125% loading. When operating at 100% loading, it required 25 min to raise the temperature 
up to the 55 °C limit with a 25% overload. Naturally, this time varies from size to size 
depending on the stable temperature produced by 100% loading. Most busway sizes are 
designed to operate at close to a 55 °C rise at full current. The value of 55 °C was selected 
because this value is the maximum rise allowed by Underwriters Laboratories (UL) on plated 
bus bar joints. It was generally assumed that the busway will operate in a 30 °C ambient 
temperature; and for this reason, busway manufacturers employed 85 °C insulation for many 
years (30 °C ambient + 55°C = 85°C operating temperature). More recent designs of 
busways employ higher temperature insulation, although they are still limited to a 55 °C rise 
at the hottest spot. This fact suggests that busways operated in a 50 °C ambient temperature 
could still carry full load (producing a 55 °C rise) without exceeding the 105 °C total 
temperature limit of the newer insulations. Therefore, busways employing 85 °C insulation 
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could easily suffer insulation damage should they be subjected to a high ambient temperature 
or a moderate overload, or both. For this reason, any protective device should be sensitive to 
overload conditions. 
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Figure 9-23—Time-temperature curves of 100%, 125%, and 200% loads ona 
600 A rated low-impedance busway 
(31-mm-x-57-mm aluminum bar per phase) 


The 105 °C or 130°C insulations are intended to provide increased protection from the 
danger of high ambient temperatures or temporary overloads. The designer cannot apply 
long-duration overloads even to these newer insulations without eliminating all the extended 
life factors that they provide. 


9.8.3.2 Arcing-fault protection 


Arcing-fault currents in 480 V solidly grounded systems are found to be as low as 38% of the 
bolted-fault line-to-ground current calculated for the same circuit. Such faults, because of 
their destructive nature, should be removed with no intentional time delay. Unfortunately, the 
magnitude of this current may be so low that the time-delay characteristics of the overload 
protective device confuses the low-magnitude arcing fault with the moderate overload or 
temporary inrush current and allows it to persist for lengthy periods. For example, a 200% 
overcurrent on a fuse might require 200 s or more before the fuse functions. 


Because the arc resistance and circuit impedance limit the current flowing in an arcing fault, 
most busway manufacturers offer an optional ground conductor, located inside the busway 
casing, to provide a low-reactance ground path for arcing current. Without this conductor, the 
arcing current to ground would be forced to travel on the high-impedance steel enclosure, 
including its many painted joints. This would have a tendency to reduce the already low 
current to an even lower level and further confuse the low-level protective device. 
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The best protection against an arcing fault is found to be well insulated bus and the second is 
ground-fault protection. Chapter 8 gives a more thorough discussion of this protection. 


9.8.3.3 Bolted-fault protection 


Bolted-fault currents can approach the maximum calculated available fault levels; therefore, 
protective elements should be capable of interrupting these maximum values. Circuit break- 
ers and current-limiting fuses are suitable in these cases. 


Under certain conditions busways may be applied on circuits capable of delivering fault cur- 
rents substantially above the busway’s short-circuit rating. Although electromagnetic forces 
increase as the square of the current, the use of fast fuses permits busways to be applied on 
circuits having available fault currents higher than the busway short-circuit rating. This is 
because the busway rating is based on a duration of 3 cycles while Class J, Class R, Class T, 
or Class L current-limiting fuses function in much less time, generally less than 0.5 cycle, 
during high-level faults. The property of inertia exhibited by the heavy bus bars causes the 
bars to resist movement during the short period of time that such fuses allow current to flow. 
Current-limiting fuses limit the magnitude of fault current to their let-through values (see 
Figure 9-24). 


In general, a busway may be protected by a Class J, Class R, Class T, or Class L fuse against 
the mechanical or thermal effects of the maximum energy the fuse allows to flow, providing 
the fuse continuous-current rating is equal to the bus-duct continuous-current rating. Most 
manufacturers have conducted tests and certify that their designs are satisfactory for use with 
fuses at least one rating larger than the busway. These higher fuse ratings are often needed for 
coordination with a circuit breaker in series with the fuse. UL lists busways for maximum 
short-circuit currents when protected with specific circuit breakers or umbrella fuses. 


9.8.3.4 Typical busway protective device 


While no single element incorporates all the necessary characteristics, several elements may 
be assembled into a single device. A particularly effective device is the fused circuit breaker 
or fused switch equipped with ground-fault protection. In such devices, the circuit breaker 
elements (or fuses in the case of a fused switch) provide operation in the overload or 
low-fault range. In the fused circuit breaker, the coordinated current-limiting fuse functions 
during high-level faults. The ground-fault sensor detects the arcing faults that go to ground 
and, regardless of their low magnitude, signal the circuit breaker or switch to open. 


9.8.4 Busway testing and maintenance 
Several well-known tests should be performed before any busway is energized: 


— Continuity check 
— Insulation resistance test 


—  High-potential test 
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Figure 9-24—Typical 60 Hz peak let-through current as a function of 
available rms symmetrical current; power factor below 20% 


These tests are conducted with the busway disconnected from the supply source and without 
bus plugs attached. 


9.8.4.1 Continuity check 


By using a low-voltage source and a bell, the system should be checked to be sure that no 
accidental solid connection exists between phases or from phase to ground. 


9.8.4.2 Insulation resistance test 
Application of a 500 V megohmeter test to the system indicates the insulation resistance val- 
ues between phases and from phase to ground. While assigning specific acceptability limits to 


meter readings is not practical, any reading of less than 1 M® for a 30.5 m run should be 
investigated. 
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9.8.4.3 High-potential test 


Application of 1650 V for 600 V equipment between phases for | min while measuring the 
leakage current should disclose incipient insulation failures. 


9.8.4.4 Visual inspection 

The importance of this step cannot be overemphasized. Periodic inspections to check for evi- 
dence of excessive heat or accumulation of dust or foreign matter should be performed as part 
of a normal preventive maintenance program. The frequency of such inspections should be 


determined by the nature of the installation, but ideally it might take place after 3 months, 
6 months, and | year to build a history and provide a basis for scheduling future inspections. 


9.9 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ICEA P-32-382-1999, Short-Circuit Characteristics of Insulated Cable 2 


ICEA P-45-482-1999, Short-Circuit Performance of Metallic Shields and Sheaths on 
Insulated Cable. 


ICEA P-54-440, Ampacities of Cables in Open-Top Cable Trays. 


ICEA S-19-81, Rubber-Insulated Wire and Cable for the Transmission and Distribution of 
Electrical Energy. 


ICEA S-61-402, Thermoplastic-Insulated Wire and Cable for the Transmission and 
Distribution of Electrical Energy. 


ICEA S-65-375, Varnished-Cloth-Insulated Wire and Cable for the Transmission and 
Distribution of Electrical Energy. 


NEMA BU 1-1988, Busways. 


NEMA WC 3-1993, Rubber-Insulated Wire and Cable for the Transmission and Distribution 
of Electrical Energy. 


NEMA WC 4-1988 (Reaff 1993), Varnished-Cloth-Insulated Wire and Cable for the Trans- 
mission and Distribution of Electrical Energy. 


21CEA publications are available from ICEA, P.O. Box 20048, Minneapolis, MN 55420, USA 
(http://www.icea.org/). 


3NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 
80112, USA (http://global.ihs.com/). 
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NEMA WC 5-1992, Thermoplastic-Insulated Wire and Cable for the Transmission and Dis- 
tribution of Electrical Energy. 


NEMA WC 51-1986 (Reaff 1991), Ampacities of Cables in Open-Top Cable Trays. 
NFPA 70-1999, National Electrical Code® (NEC®)4 


UL 857-1994, Busways and Fittings. 
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Chapter 10 
Motor protection 


10.1 General discussion 


This chapter applies specifically to three-phase integral horsepower motors. Many factors 
should be considered in choosing motor protection: motor importance, motor rating (from 
one to several thousand horsepower), thermal limit of rotor or stator, environment, power 
system source and its neutral grounding method, type of motor controller, etc. Protection for 
each specific motor installation should meet the requirements of the application. Power 
quality of the plant distribution system should be given appropriate attention, especially with 
regard to voltage sags and surges, harmonics, service interruptions, and operation of 
distribution line reclosers. Items in 10.2 and 10.3 should be considered as checklists when 
deciding upon protection for a given motor installation. After the types of protection have 
been selected, manufacturers’ bulletins should be studied to ensure proper application of the 
specific protection chosen. 


10.1.1 Low-voltage systems 

Low-voltage systems are nominally 1000 V or less. Table 3-11 of the IEEE Std 141-1993! 
lists the standard motor nameplate ratings along with the preferred horsepower limits for the 
several standard motor voltages. At present, a maximum of 575 V and 750 kW exists for 
motor nameplate ratings. 

10.1.2 Medium-voltage systems 

Medium-voltage systems range from 1000 V and up to 69 kV. Industrial and commercial 


power systems operate with distribution voltages of 2.4 kV, 4.16 kV, 6.9 kV, and 13.8 kV and 
above. The selection of the motor voltages is described in Chapter 3 of IEEE Std 141-1993. 


10.2 Factors to consider in protection of motors 

The factors in 10.2.1 through 10.2.10 should be considered when selecting motor protection. 
10.2.1 Motor characteristics 

Motor characteristics include type, speed, voltage, horsepower rating, service factor, NEMA 
design (i.e., A, B, C, D, or E, which are the torque and speed characteristics for low- and 
medium-voltage motors as described in NEMA MG 1-1998), application, power factor 
rating, type of motor enclosure, bearing lubrication types, arrangement of windings and their 
temperature limits, thermal capabilities of rotor and stator during starting, running, and stall 


conditions. See Table 10-1. 


‘Information on references can be found in 10.6. 
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Polyphase 
characteristics 


Design A 
Normal locked 
rotor torque 
and high 
locked rotor 
current 


CHAPTER 10 


Table 10-1—Typical characteristics and applications of 
fixed frequency medium ac squirrel-cage induction motors 


Locked- 
rotor 
torque 
(percent 
rated load 
torque) 


Pull-up 
torque 
(percent 
rated load 
torque) 


Breakdown 
torque 
(percent 
rated load 
torque) 


175-300 


Locked- 
rotor 
current 
(percent 
rated load 
current) 


Not defined 


Typical applications 


Fans, blowers, 
centrifugal pumps 
and compressors, 
motor-generator sets, 
etc., where starting 
torque requirements 
are relatively low 


Relative 
efficiency 


Design B 
Normal locked- 
rotor torque 
and normal 
locked-rotor 
current 


175-300* 


600-800 


Fans, blowers, 
centrifugal pumps 
and compressors, 
motor-generator sets, 
etc., where starting 
torque requirements 
are relatively low 


Design C 
High locked- 
rotor torque 
and normal 
locked-rotor 
current 


200-285° 


140-195* 


190-225* 


600-800 


Conveyors, crushers, 
stirring machines, 
agitators, 
reciprocating pumps 
and compressors, 
etc., where starting 
under load is 
required 


Medium 


Design D 
High locked- 
rotor torque 
and high slip 


Not defined 


600-800 


High peak loads with 
or without flywheels 
such as punch 
presses, shears, 
elevators, extractors, 
winches, hoists, oil- 
well pumping and 
wire-drawing 
machines 


Medium 


IEC Design H 
High locked 
rotor torque 
and high 
locked rotor 
current 


200-285* 


140-195* 


190-225 


800-1000 


Conveyors, crushers, 
stirring machines, 
agitators, 
reciprocating pumps 
and compressors, 
etc., where starting 
under load is 
required 


IEC Design N 
Normal locked- 
rotor torque 
and high 
locked rotor 
current 


160—200* 


800-1000 


Fans, blowers, 
centrifugal pumps 
and compressors, 
motor-generator sets, 
etc., where starting 
torque requirements 
are relatively low 


NOTE— These typical characteristics represent common usage of the motors —for further details consult the specific performance 
standards for the complete requirements. 
Reprinted from NEMA MG10-2001 by permission of the National Electrical Manufacturers Association. 


*Higher values are for motors having lower horsepower ratings. 
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10.2.2 Motor-starting conditions 


Motor-starting conditions include full voltage or reduced voltage, adjustable speed drive 
(ASD), voltage drop and degree of inrush current during starting, repetitive starts, and 
frequency and total number of starts. See Figure 10-1 and Padden and Pillai [B10] : 


THERMAL 

CAPABILITY 

RUNNING ADDITIONAL 
INFORMATION 
MAY BE SHOWN 


PERMISSIBLE 
LOCKED MOTOR 
TIME —----- TIME 


LR 
\_ STARTING e. 


CURRENT 


le le 


Figure 10-1 —Typical motor-starting and capability curves 
(specific motor terminal voltage and for cold start) 


10.2.3 Ambient conditions 


Ambient conditions include maximum and minimum temperatures, altitude, adjacent heat 
sources, and ventilation arrangement. 


10.2.4 Driven equipment 


Load characteristics are important in the selection of the motor; otherwise, the driven 
equipment may lead to locked rotor, failure to reach normal speed, excessive heating during 
acceleration, overloading, and stalling. See Figure 10-2, which illustrates the relationship 
between the accelerating current of a motor versus the thermal damage limits of the motor 
during accelerating and running conditions. Present practice is to add an electronic reduced- 
voltage starter for motors that may have accelerating problems or to add an ASD for motors 
that could be operated at a reduced speed for some reasonable period of the duty cycle. The 
protection of ASDs is not discussed in this chapter. For a detailed study of reduced-voltage 
starting, read Chapter 7 of IEEE Std 241-1990. 


?Numbers in brackets correspond to the numbers in the bibliography in 10.7. 
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Figure 10-2—Typical time-current and thermal limit characteristic curves 


10.2.5 Power system quality 


Power system quality issues include types of system grounding, exposure to lightning and 
switching surges, capacitors and their controls for power factor correction, fault capacity, 
exposure to automatic reclosing or transfer, possibilities of single-phase supply (e.g., broken 
conductor, open disconnect switch or circuit breaker pole, blown fuse), and other loads that 
can cause voltage unbalance. Another factor is harmonics, which may cause motor 
overheating and affect the performance of electronic protective devices. 


10.2.6 Motor importance 


Factors that determine motor importance include motor cost, forced outage costs, amount of 
maintenance and operating supervision to be provided, and ease and cost of repair or 
replacement. A motor that is important to a plant’s operating continuity or process safety 
should include a pre-trip alarm for operator intervention as a first step. An example is to 
initiate an alarm when a ground fault is detected on high-resistance-grounded neutral low- 
voltage systems. This scheme can also be applied to medium-voltage systems below 13.8 kV; 
but at the 13.8 kV voltage level, use of a trip, rather than alarm, is preferred. 
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10.2.7 Load-side faults for motor controllers 


Although most of this subclause concerns low-voltage applications, the principles apply to 
medium-voltage applications of motor controllers, as well. Calculation of available fault 
current in a circuit is described in Chapter 2. Fuse and circuit breaker protection for 
conductors in feeder and branch circuits are described in Chapter5, Chapter 6, and 
Chapter 7. 


NOTE—Fuses and circuit breakers are rated for connection to available fault current sources on the 
basis of protecting the conductors on the load side of the circuit breaker or fuse. 


In a motor controller, the above philosophy does not necessarily extend to protect the motor 
controller or its compartment. For proper protection of the motor controller, the fuse or circuit 
breaker (or motor circuit protector) that the controller manufacturer has had tested by a 
nationally recognized testing laboratory (NRTL) for the rated fault current available at its line 
terminals should be used. A motor circuit protector has an instantaneous-only trip element, 
similar in construction to a molded-case circuit breaker (MCCB), and is defined in 10.4.1.4. 


Such motor controllers for best results should bear an NRTL listing for connection to 
available currents higher than the currents found in the power supply of the plant system 
under consideration or projected plant expansion fault duty. The NRTL-listed controller may 
still be substantially damaged by a load-side fault downstream of the controller. If protection 
is necessary to minimize damage to the controller itself, the controller manufacturer should 
be consulted, or Type 2 protection should be specified in accordance with IEC 60947-4-1- 
2000. 


Controllers connected to available currents above 10 000 A symmetrical should be provided 
with fuses or circuit breakers rated to interrupt a fault at least equal to the line terminal fault 
current, with provisions to prevent substitution of underrated fuses or circuit breakers. This 
subject is covered more thoroughly under protection of low-voltage motors in 10.4.1. 


10.2.8 Ground faults 


Ground faults often start at a low current level and, if allowed to continue, lead to more 
extensive damage. Whether an arcing or bolted fault, the initial damage is to motor windings, 
but, if allowed to continue, could cause serious damage to the motor core. The cost to repair 
or replace would then be more expensive. This subject is treated in more depth in Chapter 8. 


10.2.9 Maintenance capability and schedule 


Maintenance capability and schedule are important factors. Selection of complex protection 
that cannot or will not be appropriately maintained can lead to inadequate protection. 
Likewise, the selection and setting of overload protection do not prevent inadvertent setting 
changes due to normal vibration or ambient conditions. Backup protection should be 
coordinated to operate if primary protection fails to operate. Maintenance is covered in 
Chapter 16. 
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10.2.10 Service factor 


The service factor of an ac motor is a multiplier which, when applied to the rated horsepower, 
indicates a permissible horsepower loading that may be carried under the conditions specified 
for the service factor (see NEMA MG 1-1998). 


10.3 Types of protection 
10.3.1 Purpose of motor protection 


In a power system, the basic premise is that the delivered power is of acceptable quality to 
satisfy the needs of the facility. However, an abnormal condition can exist due to plant 
conditions or the external power supply. Depending upon the plant size and location, 
conditions such as voltage transients, surges or sags, overfrequency or underfrequency, 
harmonics, or discontinuity may develop that require corrective action. For large facilities, 
the incoming power is likely monitored, and means have probably been taken to protect the 
facility from abnormal conditions. This practice is important, because this chapter focuses 
upon only motor protection. For smaller installations or unusual locations, plant protection 
may be more integrated with motor protection. 


The motor protective devices permit the motor to start and run, but initiate tripping and 
removal of the motor circuit from the power system when the motor stalls, does not 
accelerate, draws excessive current, overheats, vibrates excessively, or shows other symptoms 
of improper motor conditions. Detection is through measurement of voltage, current, 
temperature, frequency, harmonics, vibration, and speed, where appropriate. However, for the 
majority of small motors (i.e., less than 220 kW), overcurrent is the most prevalent means. 


In the discussion of protective devices in this chapter, reference is made to device numbers, 
which are described in IEEE Std C37.2-1996. In general, medium-voltage protection resorts 
to device numbers because of their convenience in lieu of using repetitive descriptions. The 
subject of device numbers is adequately described in Chapter 4. 


10.3.2 Abnormal power supply conditions (undervoltage protection) 
10.3.2.1 Undervoltage 


Although overvoltage conditions should have some consideration, that phenomenon draws 
less attention because of protection by surge arresters for momentary conditions and relays 
for the less common sustained overvoltage. This subclause concentrates on undervoltage 
conditions. Further discussions concerning large motors can be found in 10.5.10. 
Undervoltage protection is used as follows: 


a) To prevent a motor from automatically restarting when voltage returns following an 
interruption, as may happen with single-service arrangements or automatic transfer 
operations. This protection can be accomplished either by controls or by an 
undervoltage relay (Device 27). Consideration should also be given as to the 
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b) 


c) 


importance of the motor and whether conditions warrant that the motor ride through 
voltage sags or drop out at some specific voltage, not to be energized until other 
conditions may have been met. 


To avoid excessive inrush to the total motor load on the power system with a 
corresponding voltage sag, following a voltage dip, or when voltage returns 
following an interruption. 

To avoid reaccelerating motors before their fields collapse. Fast asynchronous 
reclosing has been damaging and can occur if cooperation is lacking between the 
industrial plant and its power supplier. The power supplier should be consulted to 
learn whether it follows the practice of adding time delay before reclosing circuit 
breakers following an automatic trip. This delay is not a panacea, and some other 
form of protection may be required, such as underfrequency relaying (Device 81). 


10.3.2.2 Instantaneous or time delay 


Undervoltage protection is either instantaneous (i.e., no intentional delay) or time-delay. 
Time-delay undervoltage protection should be used with motors important to continuity of 
service, providing it is satisfactory in all respects, to avoid unnecessary tripping on voltage 
sags that accompany external short circuits. Examples follow of nonlatching starters where 
time-delay undervoltage protection is not satisfactory and instantaneous undervoltage should 
be used: 


NOTE-— The limitations in Item a) and Item b) could be overcome by using either a separate ac power 
source for control or battery control on the contactor to prevent its instantaneous dropout. In other 
words, the time-delay undervoltage feature can be applied directly to the main contactor. 


a) 


b) 


c) 


Fusible switch or circuit breaker combination motor starters having ac magnetically 
held contactors used on systems of low three-phase fault capacity. With the usual 
time-delay undervoltage scheme, the contactor could drop out due to the low voltage 
accompanying a fault on the load side of the contactor before the supply fuse or 
circuit breaker opens to remove the fault. Unless provided with blocking for 
automatic restart, the contactor could then reclose into the fault. This problem does 
not exist if the available fault capacity is high enough to open the external fuse or 
circuit breaker before the contactor interrupts the fault current. 

Synchronous motors used with starters having ac magnetically held contactors. With 
the usual time-delay undervoltage scheme, the contactor could drop out on an 
externally caused system voltage dip, then reclose, and reapply the system voltage to 
an out-of-phase internal voltage in the motor. The high initial inrush could damage 
the motor winding, shaft, or foundation. This problem could also occur for large, 
two-pole squirrel-cage induction motors. If asynchronous reclosing represents a risk 
to the motor, undervoltage protection alone may not suffice; and an underfrequency 
relay may be required. Asynchronous reclosing usually is not a problem with the 
150 kW and smaller induction motors with which magnetically held contactor 
starters are used because the internal voltages of these motors decay quite rapidly. 
Motors used on systems having fast automatic transfer or reclosing where the motor 


must be tripped to protect it before the transfer or reclosure takes place. See Item b) 
regarding asynchronous reclosing needing an underfrequency relay. 
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d) When the total motor load having time-delay undervoltage protection results in 
excessive inrush current and voltage drop after an interruption. A problem could 
arise of having insufficient system capacity to restart the motors. Options include 
designing for a larger power capacity than needed for normal operations or removing 
some of the motor loads from automatic restarting. Least important motors should 
use instantaneous undervoltage protection. Time-delay undervoltage protection of 
selectively chosen delays could be used on the motors whose inrush the system can 
handle. Sequencers are available for selecting the order of motor restarts, thus 
reducing the need for oversized transformers or lower transformer impedances. 
Caution should be observed when placing numerous controls within one device 
where common mode failure could negate the benefits. 


10.3.2.3 With latching contactor or circuit breaker 


Motor switching devices, such as latching contactors or circuit breakers, inherently remain 
closed during periods of low or zero ac voltage. The following methods are used to trip open 
the devices: 


a) Energize shunt trip coil from a battery. 

b) Energize shunt trip coil from a separate reliable source of ac. This ac source should 
be electrically isolated from the motor ac source in order to enhance reliability. 

c) Energize shunt trip coil from a capacitor charged through a rectifier from the ac 
system. This method is commonly referred to as capacitor trip. 


d) De-energize a solenoid and allow a spring release to trip the contactor or circuit 
breaker. 


Item a) through Item c) are usually used in conjunction with voltage-sensing relays (see 
10.3.2.6). Item d) could have the solenoid operating directly either on the ac system voltage 
or from a battery, where a relay would sense loss of ac voltage and de-energize the solenoid. 
The solenoid could be either instantaneous or time-delay. 


10.3.2.4 With ac magnetically held main contactor 


Because the ac magnetically held main contactor (which supplies the motor) drops out on 
loss of ac, it provides an instantaneous undervoltage function. If automatic restart is required 
because of the process, two common approaches achieve time-delay undervoltage protection: 


a) Permit the main contactor to drop out instantaneously, but provide a timing scheme 
(which starts timing when ac voltage is low or zero) to reclose the main contactor 
when normal ac voltage returns within some preset timing interval. Some of the tim- 
ing schemes in use are as follows: 

1) Capacitor charged through a rectifier from the ac system. The charge keeps an 
instantaneous dropout auxiliary relay energized for an adjustable interval, which 
is commonly 2s or4s. 

2) Standard timer that times when de-energized (e.g., pneumatic or inverse time- 
undervoltage relay). 
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b) Use a two-wire control. This control utilizes a maintained closed start button or oper- 
ates from an external contact responsive to some condition such as process pressure, 
temperature, or level. The main contactor drops out with loss of ac, but recloses when 
ac voltage returns. 


Neither arrangement provides perfect undervoltage protection and should not be used if 
automatic restarting could endanger personnel or equipment. 


10.3.2.5 With dc magnetically held main contactor 


With a dc magnetically held main contactor, the contactor remains closed during low or zero 
ac voltage. Time-delay undervoltage protection is achieved using voltage-sensing relays (see 
10.3.2.6). For this scheme, the dc voltage should be monitored as well. 


10.3.2.6 Voltage-sensing relays 


A commonly used type of voltage-sensing relay is the single-phase inverse time-undervoltage 
relay. Because a blown control fuse could cause tripping, two or three such time-undervoltage 
relays are sometimes used, connected to different phases, and wired so that all must operate 
before tripping occurs or re-energization can be permitted. 


Three-phase undervoltage relays are available. Many operate in response to the area of the 
voltage triangle formed by the phasors of the three-phase voltages. Alternatively, a voltage 
balance relay (Device 60) could be used for blown fuse protection. 


When applying undervoltage protection with time delay, the time-delay setting should be 
chosen so that time-delay undervoltage tripping does not occur before all external fault- 
detecting relays have had an opportunity to clear faults from the system. This practice 
recognizes that the most frequent causes of low voltage are system faults; and when these 
faults are cleared, most induction motors can continue normal operation. For inverse time- 
undervoltage relays, their trip time versus system short-circuit current should be plotted to 
ensure that they trip only after the system overcurrent protective relays. This procedure 
should be done for the most critical coordination condition, which exists when the system 
short-circuit capacity is minimum. This study should be included with normal systems 
studies concerning voltage drop, short circuits, etc. Typical time delay at zero voltage is 2 s to 
Ss. 


For motors extremely important to continuity of service, such as some auxiliaries in electric 
generating plants, the undervoltage relays are used only to alarm. The motors providing fire 
pump service should be protected in accordance with NFPA 20-1999. 

10.3.3 Phase unbalance protection (Device 46, current) (Device 47, voltage) 


10.3.3.1 Purpose 


The purpose of phase unbalance protection is to prevent motor overheating damage. Motor 
overheating occurs when the phase voltages are unbalanced. A small voltage unbalance 
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produces a large negative-sequence current flow in both synchronous and induction motors. 
The per-unit negative-sequence impedance of either motor is approximately equal to the 
reciprocal of the rated voltage per-unit locked-rotor current. When, for example, a motor has 
a locked-rotor current equal to six times rated current, the motor has a negative-sequence 
impedance of approximately 0.167 per unit (16.7%) on the motor rated input kilovoltampere 
base. When voltages having a 0.05 per-unit negative-sequence component are applied to the 
motor, negative-sequence currents of 0.30 per unit flow in the windings. Thus, a 5% voltage 
unbalance produces a stator negative-sequence current equal to 30% of full-load current. This 
situation can lead to a 40% to 50% increase in temperature rise. 


10.3.3.2 Single phasing 


A special form of unbalance is the complete loss of one phase at the same voltage level as the 
motor. Under starting conditions, a three-phase motor is unable to start. If the single phasing 
occurs during full-load running conditions, the current in the other two phases increases to 
approximately 173% of normal full-load current. In each case, adequate protection is 
required. For large facilities, a bus phase-balance (negative-sequence) overvoltage relay 
(Device 47) could be installed to alarm in a sensitive manner. This alarm would be set in 
conjunction with individual large motor (phase-balance) negative-sequence overcurrent 
relays (Device 46). For small installations, a single phase-balance (negative-sequence) 
overcurrent relay may suffice for a large, important motor; or alternatively one phase-balance 
(negative-sequence) bus overvoltage relay could be set to protect several motors, by alarming 
and/or tripping. 


When a motor is supplied from a delta-wye or wye-delta transformer, single phasing on the 
supply voltage (primary) side of the transformer results in currents to the motor in the ratio of 
115%, 115%, and 230% of normal. In two phases, the current is only slightly greater than 
prior to single phasing, while it is approximately doubled in the third phase. This situation 
requires a properly sized overload relay or time-delay fuse in each phase if the motor does not 
have suitable phase unbalance protection. 


Many motors, especially in the higher horsepower ratings, can be seriously damaged by 
negative-sequence current heating, even though the stator currents are low enough to go 
undetected by overload (overcurrent) protection. (The standard service factor for large motors 
is 1.00.) 


Therefore, phase unbalance protection is desirable for all motors where its cost can be 
justified relative to the cost and importance of the motor. Phase unbalance protection should 
be provided in all applications where single phasing is a strong possibility due to factors such 
as the presence of fuses, overhead distribution lines subject to conductor breakage, or 
disconnect switches (which may not close properly on all three phases). 


A general recommendation is to apply phase unbalance protection to all motors 750 kW and 
above. For motors below 750 kW, the specific requirements should be investigated. Phase 
unbalance protection should also be considered for certain important motors such as hermetic 
refrigeration chiller motors and similar motors having a service factor less than 1.25. 
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10.3.3.3 Instantaneous or time delay 


Unbalanced voltages accompany unbalanced system faults. Therefore, phase unbalance 
protection should include sufficient delay to permit the system overcurrent protection to clear 
external faults without unnecessary tripping of the motor or motors. 


Delay is also necessary to avoid the possibility of tripping on motor starting inrush. 
Therefore, unbalance protection having an inherent delay should be chosen. Another (high- 
risk) scheme is to use an auxiliary timer (Device 62). Its selection is important because the 
timer probably has a higher failure rate than the protective relay. If a time delay of more than 
2s or3 s is used, the motor designer should be consulted. 


10.3.3.4 Relays 


Several types of relays are available to provide phase unbalance protection, including single 
phasing. Most of these relays are described in Chapter 4 and in IEEE Std C37.96-2000. 
Further information about specific relays should be obtained from the various manufacturers. 
Most of the commonly used relays can be classified as follows: 


a) Phase current balance (Device 46). Phase current balance relays are induction disk 
devices that detect unbalance in the currents in the three phases. As such they have an 
inherent time delay. Occasionally, a timer may be required to obtain additional delay. 
Because this relay cannot protect for unbalances less than 25%, its selection is 
questionable except for complete loss of one phase. Unfortunately, this device shares 
the same device number as the negative-sequence overcurrent relay (Device 46) in 
Item c). 

b) Negative-sequence voltage (Device 47). Because negative-sequence voltage relays 
may operate instantaneously on negative-sequence overvoltage, some external time 
delay may be necessary. 

c) Negative-sequence overcurrent (Device 46). A negative-sequence overcurrent relay is 
a time-overcurrent relay with extremely inverse characteristics that operates at very 
low levels of negative-sequence current. Settings are available to alarm before trip 
and to trip upon a limit of 1y*t. 


10.3.4 Overcurrent protection (Device 51, inverse time) (Device 50, 
instantaneous) 


Overcurrent sensing is the most frequently used method to monitor and protect the many 
power circuits in a facility. If a short circuit occurs, the action must be initiated without delay, 
whereas an overload within the service factor rating may not require any action. Under 
Chapter 15 guidelines, no delay should occur in the operation of the protection for circuit 
components (e.g., motors) upon sensing a fault, with backup protection coordinated by being 
delayed in time or overcurrent magnitude, or both. 


Motor branch circuit protection is to operate whenever a motor fails to accelerate, 


when the motor-running current exceeds normal limits, and when a short circuit is detected. 
Time-overcurrent devices are normally used to protect against overloads and failure to 
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accelerate, whereas instantaneous devices operate without any intentional delay for short- 
circuit protection. 


Depending upon the motor rating and voltage, the devices for performing these functions are 
of different construction. For medium-voltage or large motors, the protection may be in the 
form of three phase-overcurrent protective relays or one multifunction relay (Device 11), 
which would include such other protective functions as accelerating characteristics, current 
unbalance, differential overcurrent, ground-fault current, and loss of load. Such complex 
protection would normally not be provided for unimportant low-voltage motors, although 
capable multifunction devices are available for low-voltage motor protection. In addition, 
some motors may be supplied directly from low-voltage switchgear and use the protective 
characteristics described in IEEE Std C37.17-1997 and shown in Chapter 7. The decision on 
whether to use low-voltage switchgear is usually influenced by the frequency of motor starts 
because motor controllers are rated for a considerably greater number of operations. 


10.3.5 Multifunction relay (Device 11) 


An important development has been the multifunction motor protection relay. Recognized as 
a powerful tool, the multifunction relay incorporates many protective functions that would 
normally be applied through the use of individual protective relays, but are all incorporated 
into one enclosure. For example, the relay incorporates short-circuit and overcurrent 
protection in each phase- and ground-fault protection. Depending upon the options selected, 
the relay could include protection against stalls, locked rotor, overtemperature alarm or trip, 
current unbalance, metering, and communications. No detailed discussion of the relay is 
included in this subclause because the possible functions are described under other protective 
relays, such as Device 50 and Device 51. 


10.4 Low-voltage motor protection 


Conventionally, low-voltage motors drive small process equipment and auxiliary equipment. 
These motors, usually 220 kW and below, may operate continuously or may be in cyclical 
services. These applications use motor contactors in motor control centers (MCCs) or 
combination starters. 


One-line diagrams of typical low-voltage starters for industrial applications using MCCs or 
combination starters are shown in View (a), View (b), View (c), and View (d) of Figure 10-3. 


10.4.1 Low-voltage motor overcurrent protection 


Overload protection for low-voltage motors is usually provided by thermal overcurrent relays 
or electronic overcurrent devices. In some cases, dual-element fuses or a thermal-magnetic 
circuit breaker may serve as the primary overload devices, but are normally backup 
protection for overload relays. Short-circuit protection for low-voltage motors is usually 
provided by fuses, a thermal-magnetic circuit breaker, or an instantaneous trip device (or 
motor circuit protection) in combination with an overload relay. Ground-fault protection for 
low-voltage motors is usually provided by the short-circuit protection device, but ground- 
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fault relays may be installed. (See Bradfield and Heath [B1]; Nailen [B8]; Gregory and 
Padden [B4] and [B3]; Smith [B12].) 


(a) (b) (c) (d) 


a) Typical starter with fuses 

b) Typical starter with a circuit breaker 

c) Typical location for power factor correction capacitors 
d) Typical location for a control power transformer 


Figure 10-3—Typical low-voltage starter one-line diagrams for industrial 
applications using MCCs or combination starters 


10.4.1.1 Thermal and electronic overload relays 


Thermal overload relays are constructed as either melting alloy or bimetallic. Although 
single-phase elements are the most common, they are also furnished in a three-phase 
construction block design. The relays are designed to operate within a current range, as 
follows: 


a) Selection of the heater element should be based upon the relay manufacturer’s tables 
relating motor characteristics and ambient temperature conditions and based on the 
location of the motor relative to the relay. This method is employed because only 
minor adjustments need be made in the relay itself to set a trip value to match the 
motor current. 

b) After the selection of the heater, the melting alloy unit is considered nontamperable. 

c) Older bimetallic types may have limited adjustment of trip setting intended to 
compensate for ambient temperature. Newer relays have a wider range of adjustment. 
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d) The thermal memory of bimetallic overload relays provides satisfactory protection 
for cyclic overloading and closely repeated motor starts. 


e) A manual reset feature is available and is normally trip free (i.e., manual override is 
not possible). 


f) Some relays are available as ambient-temperature-compensated or as 
noncompensated. Noncompensated is an advantage when the relay and motor are in 
the same ambient because the relay opening time changes with temperature in a 
similar manner as the motor overload capability changes with temperature. 


g) NEMAITCS 2-2000 has standardized motor overload relays into three classes 
denoting time delay to trip on locked-rotor current: Class 10 for fast trip, 10 s at six 
times the overload rating; Class 20, for intermediate trip, for 20s at six times the 
overload rating; and Class 30 for long-time trip, 30 s at six times the overload rating. 
In most applications, the Class 10 relay is applied for hermetic and other motors with 
a service factor of 1.00 or 1.05. The Class 20 relay is commonly used for higher 
service factor motors, such as NEMA Design T frame motors. A Class 30 relay is 
used in applications where high-inertia loads cause the motor to have a long starting 
time, such as conveyor belt motors. Electronic devices, sometimes integral with the 
contactor, sense the current in all three phases. They can be adjusted for Class 10, 
Class 20, or Class 30. 


Overload relays are sized in accordance with the National Electrical Code® (NEC®) 
(NFPA 70-1999). Article 430-32, Article 430-33, and Article 430-34 reference the motor 
nameplate rating. Power factor correction capacitors installed for individual motors may be 
connected as shown in View (c) of Figure 10-3, and no current adjustment need be made to 
the overload devices. However, this connection is not the only method of providing individual 
power factor correction and has been known to cause contactor failures due to resonance with 
other motor capacitors (see Nailen [B8]). When capacitors are installed between the overload 
device and the motor, the overload relay provides circuit impedance, which generally 
dampens the resonance problem. However, the overload relay current rating should be 
adjusted to account for the reduced current flowing to the motor-capacitor combination. 
Part 14.43.3 of NEMA MG 1-1998 recommends a bus connection when several motors are 
connected to the bus in order to minimize the potential harmonic resonance. 


Overload relays and other devices for motor overload protection that are not capable of 
opening short circuits shall be protected by fuses or circuit breakers with ratings or settings in 
accordance with NEC Article 430-52 or by a motor short-circuit protector in accordance with 
NEC Article 430-52. 


10.4.1.2 Time-delay (or dual-element) fuses 


Time-delay fuses are available from 0.1 A through 600 A. Fuses for short-circuit and ground- 
fault protection shall be sized in accordance with NEC Article 430-52 and Table 430-152. 
The full-load current values used for that table are in Table 430-148, Table 430-149, and 
Table 430-150. The rating of a time-delay fuse shall be permitted to be increased, but in no 
case exceed 225% (400% for Class CC fuses) of full-load current. A one-line diagram of a 
typical starter with fuses is shown in View (a) of Figure 10-3. Also available are fuses without 
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time delay, which can provide short-circuit and ground-fault protection, but may not provide 
any backup protection. 


10.4.1.3 Inverse-time circuit breakers 


These circuit breakers (i.e., molded case) are available from 10 A through 3000 A when 
constructed with thermal-magnetic trip elements, and up to 5000 A when constructed with 
solid state trip elements. Both types of trip devices are referred to in the NEC as inverse-time 
circuit breakers and shall be sized in accordance with NEC Article 430-52 and Table 430- 
152. The full-load current values used for that table are in Table 430-148, Table 430-149, and 
Table 430-150. The rating of an inverse-time circuit breaker shall be permitted to be 
increased, but in no case exceed, 


— 400% for full-load currents of 100 A or less, 
— 300% for full-load currents greater than 100 A. 


A one-line diagram of a typical starter with a circuit breaker is shown in View (b) of 
Figure 10-3. 


10.4.1.4 Instantaneous trip circuit breakers (or motor circuit protectors) 


Instantaneous trip circuit breakers (i.e., molded-case), commonly called motor circuit 
protectors, are available from 3 A through 1200 A. The instantaneous setting can typically be 
adjusted in fixed steps to between 3 to 13 or 3 to 10 times the continuous-current rating. 
Instantaneous trip circuit breakers are tested under UL 489 [B13]. The trip range of the 
breaker should be within +30% or —20% of the set point. On the coordination plot, these 
devices have a broad bandwidth corresponding to these tolerances. 


These breakers are referenced as instantaneous trip breakers and shall be sized in accordance 
with NEC Article 430-52 and Table 430-152. The full-load current values used for that table 
are in Table 430-148, Table 430-149, and Table 430-150. Trip settings above 800% for other 
than Design E motors and above 1100% for Design E motors shall be permitted where the 
need has been demonstrated by engineering evaluation. In such cases, it shall not be 
necessary to first apply an instantaneous trip circuit breaker at 800% or 1100%. Either an 
adjustable instantaneous trip circuit breaker or a motor short-circuit protector shall be used 
when it is part of a listed combination controller having coordinated motor overload, short- 
circuit, and ground-fault protection in each conductor and if it operates at not more than 
1300% of full-load motor current for other than NEMA Design E motors and no more than 
1700% of motor full-load current for Design E motors. A one-line diagram of a typical starter 
with a circuit breaker is shown in View (b) of Figure 10-3. 


Two points should be reviewed by the engineer. First, the overload device is normally the 
only line of protection from overloads and high-impedance faults when using instantaneous 
trip circuit breakers. A failure of the overload device, the overload wiring, or the contactor 
can prevent the circuit from being isolated due to overload or high-impedance fault 
conditions. Where backup protection is desired for these abnormal conditions, an inverse- 
time circuit breaker or dual-element fuses should be selected. 
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Second, the selection of the contactor and conductor sizes depends on the setting of the 
instantaneous trip function. NEMA-rated magnetic contactors are tested to break up to 
10 times the full-load current values given in NEC Table 430-148, Table 430-149, and 
Table 430-150 for the corresponding horsepower rating of the contactor. When an overload 
device trips, the contactor is called upon to open the circuit. Therefore, the contactor should 
be rated to break the circuit. Under high-impedance fault conditions, the current may be in 
the range of 10 to 17 times the motor full-load current. The instantaneous trip breaker may be 
set above the 10 times full-load current break test value of the contactor. Refer to Figure 10-4 
for the time-current curves of a 480 V, 75 kW motor application with a 175 A instantaneous 
trip breaker, a Class 20 overload, and a NEMA size 4 magnetic contactor (i.e., 1350 A break 
rating). This figure illustrates a case where the instantaneous trip is set about 12 times the 
full-load current of 124 A (see NEC Table 430-150). The #2/0 AWG XHHW conductor is 
rated for 175 A at 75 °C. The contactor is not protected using the setting of about 1500 A.A 
lower instantaneous setting would protect the contactor, but some motors may trip the breaker 
on starting. Contactors for NEMA Design E motors shall have a horsepower rating not less 
than 1.4 times the rating of a motor rated 3 kW through 75 kW, have a rating not less than 1.3 
times the rating of the motor rated over 75 kW, or be marked for use with a Design E motor 
(see NEC Article 430-83, Exception No. 1). 


In a recently published book, the authors reveal that some high-efficiency motors draw up to 
2.83 times locked-rotor current during starting, and they recommended a 19.2 times full-load 
current on the instantaneous breaker setting, approximately 3 times locked-rotor current in 
one case (see Prabhakara, et al. [B11]). A typical value used in the industrial applications is 
1.76 times locked-rotor current for estimating asymmetrical inrush current. To prevent false 
tripping of the instantaneous trip breaker on starting, several options are available: 


a) Use an autotransformer or other means for reduced voltage starting to limit the inrush 
current. 

b) Specify a contactor with a higher break rating and set the instantaneous breaker at a 
higher setting within the NEC limits. 

c) Use an inverse-time circuit breaker in place of the instantaneous trip breaker so that 
the instantaneous setting, if available, can be set above the motor inrush current. 


10.4.2 Low-voltage motor ground-fault protection 


Many low-voltage motor applications utilize fuses or MCCBs for ground-fault protection. 
However, the type of protection selected is dependent upon the type of system grounding. 


10.4.2.1 Solidly grounded systems 


Fuses and circuit breakers normally provide adequate ground-fault protection for motors on 
solidly grounded systems. However, for larger motors applications, such as the 75 kW motor 
shown in Figure 10-4, miscoordination occurs. For example, this motor is protected by an 
instantaneous only circuit breaker set at 1500 A trip. The main breaker ground trip is set at 
1200 A, the maximum allowed by NEC Article 230-95, where a shutdown does not introduce 
additional hazards. Miscoordination can occur in the region between the ground trip device 
on the main low-voltage power circuit breaker (LVPCB) and the instantaneous trip circuit 
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NOTE—The contactor is not protected using the 1500 A setting. The motor asymmetrical inrush 
current will probably trip the breaker when starting. 


Figure 10-4—Time-current curve for a 480 V, 75 kW motor with a size 4 
contactor, Class 20 overloads, and an instantaneous trip circuit breaker with 
a setting of 12 times full-load current 


breaker protecting the motor. LVPCBs, specified with long-time and short-time functions 
only (i.e., no instantaneous element), can usually be coordinated selectively. 


If selectivity between the individual motor protective device and the main breaker is desired 
for ground faults, additional protective devices should be installed for the larger motors or 
interlocking ground-fault devices should be installed. For solidly grounded systems, the 
protective devices should be wired to open the breaker, not the contactor, unless the 
contactors are rated high enough to interrupt the available fault current. Some breakers have 
integral solid-state devices that sense ground faults and open the breaker. Contactors may 
also have integral solid-state devices that sense ground faults, but these may open the 
contactor. Also, zero-sequence current transformers (CTs) and trip units can be installed to 
shunt-trip the circuit breakers or switch, provided that the circuit breaker or switch has a 
shunt trip, which is not necessarily included on the circuit breaker or switch unless ordered 
that way. 


Copyright © 2001 IEEE. All rights reserved. 355 


IEEE 
Std 242-2001 CHAPTER 10 


10.4.2.2 Low-resistance-grounded systems 


Low-resistance-grounded systems are not normally used on low-voltage applications. For 
low-resistance-grounded systems (e.g., between 200 A to 400 A), ground-fault currents may 
not be high enough to trip the MCCBs or to open fuses in a timely fashion, particularly for 
larger motors. 


10.4.2.3 High-resistance-grounded systems 


For high-resistance-grounded systems, where the fault current is usually 5 A to 10 A range, 
no individual motor ground-fault protection is generally provided. Instead, an alarm at the 
grounding resistor signals that a ground fault has occurred. A ground pulsed signal is used to 
locate the fault. The faulted circuit is then manually cleared. Caution should be used when 
selecting conductor insulation materials and ratings for use on high-resistance-grounded 
systems, particularly on smaller conductors (e.g., size 10 and below). Zone selective interlock 
(ZSI) tripping is another type of ground-fault protection that permits the first ground fault to 
be alarmed only, with rapid tripping following a ground fault on a different phase. This trip 
rating illustrates the advantage of high-resistance grounding when operation may continue 
during the presence of the first ground fault. Removal of the first ground fault is important, 
however, in order to prevent escalated damage from a second ground fault on a different 
phase. The MCCBs used in high-resistance-grounded systems should be rated for line-to-line 
voltage (e.g., 480 V not 480/277 V for a 480 nominal system voltage). (Also the single-pole 
interrupting rating should be checked to clear the second fault on a different phase: ground as 
well as line-to-ground faults on two separate phases, one on each side of the breaker. See 
Gregory [B2].) 


10.4.3 Low-voltage motor stator winding overtemperature 


The purpose of stator winding overtemperature protection is to detect excessive stator 
winding temperature prior to the occurrence of motor damage. In low-voltage motors in 
noncritical services, the temperature sensors are normally wired to trip the motor control 
circuit and open the contactor. 


10.4.3.1 Thermostat winding overtemperature devices 


Thermostats are the most common type of stator temperature sensors installed in three-phase 
industrial service 460 V motors from 11 kW through 150 kW. Many manufacturers wind the 
stators with the devices installed and cut off the leads if a customer does not specify the 
protection. Thermostat devices are bimetallic, normally closed devices that operate at one 
fixed temperature. They are normally wired in series with the control circuit at 120 V. These 
devices are normally sealed from the atmosphere, but are not rated as hermetically sealed for 
hazardous NEC Class | Division 2 areas. 
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10.4.3.2 Thermistor winding overtemperature devices 


Thermistors are used to operate relays for either alarm or trip functions, or both. They have 
resistance characteristics that are nonlinear with respect to temperature and thus are not used 
to indicate temperature. Two types of thermistors exist: 


a) Positive temperature coefficient. The resistance of a positive temperature coefficient 
thermistor increases with temperature. An open circuit in this thermistor appears as a 
high-temperature condition and operates the relay. This arrangement is fail-safe. 

b) Negative temperature coefficient. The resistance of a negative temperature coefficient 
thermistor decreases as temperature increases. An open circuit in this thermistor 
appears as a low-temperature condition and does not cause relay operation. 


10.4.3.3 Resistance temperature detector (RTD) winding overtemperature 
devices 


RTDs are not normally installed in low-voltage motors unless the service is critical. In those 
cases, the RTDs are usually connected into a device that provides an alarm-only function. The 
most common practice is to install six RTDs, two per phase, of the 120 Q platinum elements. 
More information on RTDs is contained in 10.5.3.1.1. 


10.4.4 Low-voltage motor undervoltage protection 


Undervoltage protection is used to protect motors from several damaging conditions: low 
voltage due to a voltage sag, automatic reclosing or automatic transfer, and power restoration. 
In a voltage sag, the motor draws more current than normal and has unusually high heating. 
Excessive heating can be a serious problem in hazardous areas where the motor must stay 
within its T marking. 


When the supply voltage is switched off during automatic reclosing and transfers, the motors 
initially continue to rotate and retain an internal voltage. This voltage decays with motor 
speed and internal flux. If the system voltage is restored out of phase with a significant motor 
internal voltage, high inrush can occur. Such current can damage the motor windings or 
produce torques damaging to the shaft, foundation, drive coupling, or gears. 
IEEE Std C37.96-2000 discusses considerations for the probability of damage occurring for 
various motor and system parameters. 


When power is restored after an outage, the starting sequence should be programmed so that 
all motors on the system are not starting simultaneously. This step is important for the 
generating equipment, as well as for transformers and conductors. Undervoltage devices are 
not normally installed on essential loads such as motors for fire pumps. 


10.4.4.1 Undervoltage relays 
Low-voltage undervoltage relays are typically electronic devices that monitor all three 


phases. These devices can be furnished with a time delay to trip, a time delay to restart, or 
instantaneous for trip and restart. Usually, the designer sets the device at 85% of line voltage 
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with a time delay off and a time delay for restart. Normally, the undervoltage relays are wired 
into the motor control circuit to open the contactor. 


10.4.4.2 Undervoltage sensors for circuit breakers 


Some MCCBs have an undervoltage sensor adapter that trips the circuit breaker on a low- 
voltage condition. The circuit breakers are reset manually. Where automatic restart is 
necessary, this method should not be used. These sensors may not be as reliable as separate 
undervoltage relays, and this factor should be considered when designing the circuit. 


10.5 Medium-voltage motor protection 


Conventionally, large motors drive the main process equipment and would operate 
continuously for the length of the batch process. Because of this infrequent starting, medium- 
voltage circuit breakers are often used to apply the power to the motors. Medium-voltage 
motor voltage ratings are 2300 V, 4000 V, 4600 V, 6600 V, and 13 200 V per Part 20.12 of 
NEMA MG 1-1998. When a motor must be started frequently, it may be necessary (even 
economical) to use motor contactors in a combination controller with a current-limiting fuse 
or circuit breaker because of the greater life of the contactors. Care should be exercised when 
applying fused contactors on solidly grounded neutral systems because the contactor is 
incapable of interrupting high fault currents, especially ground faults. As a result, ground- 
fault relays and differential relays may not be safely applied. The risks could be minimized 
by having the manufacturer perform short-circuit tests on the combination controller to 
confirm its safe performance to interrupt the fault on the system to which it is applied. In this 
subclause, the text refers to the use of circuit breakers for the main device to both close and 
open the motor circuit. The text describing combination controllers for medium-voltage 
motors is generally similar to low-voltage combination controllers discussed previously. 


In principle, the protection of medium-voltage motors is similar to low-voltage motors, but 
the requirements are more demanding. Being closer to the utility source, medium-voltage 
motors are more susceptible to voltage sags and surges, reclosing, and higher available fault 
levels. Because of the higher bus voltage and load currents, instrument transformers are used 
to reduce these currents to lower values, which can be used with protective relays, described 
in Chapter 4. The most common instrument transformer secondary ratings are 120 V for 
voltage transformers (VTs) and 5 A for CTs, described in Chapter 3. The circuit breakers 
[i.e., air, sulfur hexafluoride (SF,¢), vacuum], instrument transformers, and protective relays 
are mounted in switchgear. 


10.5.1 Medium-voltage motor overcurrent protection 


In Figure 10-6, Figure 10-7, and Figure 10-8, some techniques illustrate different approaches 
applied to large motors. The accelerating curve has been shown slightly differently in each 
case to demonstrate that no one curve is accepted as a standard, and the motor accelerating 
curve should be provided by the motor or equipment supplier before setting the relays. High- 
inertia motors often take a much longer time to accelerate and, without proper protection, 
could lead to nuisance tripping. In addition, a low-voltage condition can also lead to a longer 
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accelerating time, thus necessitating careful selection of the type of overcurrent relays and 
their settings. A good practice for these motors is to request motor acceleration curves that 
are plotted for the cases of 100% and 80% actual motor starting voltages. Under 10.5.2.1, 
some techniques are shown on how to resolve this protection. In some cases, relaying may 
not adequately solve the problem, and a turning gear motor has been applied to start the large 
inertia motor in at least one case. This latter concept is expensive and is not a 
recommendation. 


In Figure 10-5, a NEMA Design A or Design B motor curve is shown with protection for 
starting and running easily made using a Device 51, a time-overcurrent relay element with 
inverse or very inverse characteristics. Within the overcurrent relay is a second element, a 
Device 50, which operates without delay to protect against a short circuit. Normally three 
overcurrent relays are used, each phase relay supplied from its own CT. Some designers use 
only two of the three relays for overcurrent protection, and set Device 51 of the third relay 
relatively low (i.e., 110% to 120% of the full-load current) to alarm on an overload condition. 
Codes may not permit this practice in some cases, and redundancy is lost during relay testing. 
In this latter scheme, the two protective phase relays could be set for extreme overcurrent 
conditions at 125% to 140% of the full-load current. 
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Figure 10-5—Conventional overcurrent relay protection of motor 


In Figure 10-6, protection for a high-inertia motor allows for the longer accelerating time. 
Whereas a conventional motor reaches rated speed within 10s to 15 s, a high-inertia motor 
may take 30 s to 40 s. As a result, little time difference exists between the accelerating current 
curve and the motor thermal limits. Several approaches are available, as shown in Figure 10- 
6 and Figure 10-7, and an impedance method is shown in Figure 10-8. In Figure 10-6, 
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Device 51 has long-time inverse or very inverse characteristics, set above the accelerating 
current. (Definite time delay is another term to describe this element.) Device 50 (HDO) is a 
high dropout element that rapidly resets when the starting current drops to a magnitude of 
85% to 90% of the set current without delay. For starting, a time delay of less than 1 s occurs 
in order to permit the Device 50 (HDO) to be set at 1.15 of locked-rotor current. This delay 
prevents false trips due to the asymmetrical starting currents, yet provides short-circuit 
protection after the time delay. A second Device 50 is set at approximately two times the 
locked-rotor current to protect against short circuits during starting. 
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Figure 10-6 —Protection of high-inertia motor 


Figure 10-7 illustrates a second method for protecting a high-inertia motor. This approach 
also uses two Device 50 elements per phase. The conventional Device 50 is set in the normal 
way to protect against short circuits. The second Device 50 is used in conjunction with the 
Device 51 overcurrent element to block tripping by the Device 51 for overcurrents below the 
Device 50 setting. This scheme offers an overload alarm, while allowing the motor to 
continue operating unless the actual overcurrent exceeds a high setting. The use of this 
scheme is dependent upon the operating philosophy of the facility. Large motors should be 
specified with thermistors or RTDs buried in their windings for high-temperature detection, 
although temperature changes are generally slower to develop than overcurrent increases. 
Actual faults within the windings would be detected faster by the overcurrent differential 
relay or a sensitive ground-fault current relay scheme. 


Figure 10-8 represents a scheme that relies upon the characteristics of a Device 21 (ie., 
impedance distance relay) to permit tripping if the high-inertia motor does not accelerate to a 
certain speed within a fixed period. Upon energization of the motor circuit, the locked-rotor 
current is primarily inductive, as a blocked motor could easily be considered a transformer 
with shorted secondary windings. As the motor accelerates, the current decreases from a 
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Figure 10-7—Alternative method of protecting a high-inertia motor 


subtransient to a transient value, and the power factor and measured impedance increase. 
Used in conjunction with the Device 21 is either an overcurrent relay (Device 51) or an 
overvoltage relay (Device 59), which operates as a timing device in this case. This scheme 
guards against a stalled motor although other schemes exist, such as zero-speed devices used 
with timers. Figure 10-9 illustrates how the locked-rotor protection functions below the safe 
stall time. 


10.5.2 Fault protection 
10.5.2.1 Motor overcurrent differential relay (Device 87) 


Motor overcurrent differential protection measures the current flow into a load and compares 
it to the current measured on the neutral side of the motor. A current difference is detected as 
a fault. These schemes can be technically applied to any motor load, but often are applied to 
large or critical motors only where damage could be costly or replacement difficult. By 
detecting faults at a low level, damage may be confined to windings solely. Three general 
recommendations for applying differential overcurrent protection are as follows: 


a) With all motors 750 kW and above used on ungrounded systems. 


b) With all motors 750 kW and above used on grounded systems where the ground-fault 
protection applied is not considered sufficient without differential protection to pro- 
tect against phase-to-phase faults. 


c) With smaller motors, especially at voltages above 2400 V, although justifying 
differential protection for large motors (i.e., 1900 kW and above) is easier. 
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Figure 10-8 —Protection of high-inertia motor using an impedance relay 


10.5.2.1.1 Conventional phase differential overcurrent relay 


A conventional phase differential overcurrent relay is used to sense low-level phase faults and 
to quickly remove the motor circuit before extensive damage develops. This scheme uses six 
identical CTs (1.e., one pair for each phase) and three relays (i.e., one per phase). The CTs 
should be sized to carry full-load current continuously and to not saturate during an external 
or internal fault (see Figure 10-10). The currents from each pair of CTs circulate through the 
relay-restraining windings under normal (i.e., no-fault) conditions. For a fault in the motor 
windings or in the cable, the CT secondary currents have different magnitudes and/or 
polarities, and the differential current from each CT adds to the other and operates the 
Device 87 to trip the motor circuit breaker. While sometimes applied to delta-connected 
motors, this scheme is usually used with wye-connected motors. (Wye-connected motors are 
much more common than delta-connected ones in the larger horsepower ratings.) With the 
wye-connected motor, three of the CTs are normally located at the starter (or motor 
switchgear) and the other three in the three phases at the motor winding neutral. 


10.5.2.1.2 Self-balancing differential using window CTs 


Three window (or toroidal) CTs are normally installed at the motor. One CT per phase is used 
with the motor line, and neutral leads of one phase are passed through it so that the flux from 
the two currents normally cancels each other in the CT. A winding phase-to-phase or phase- 
to-ground fault results in an output from the CTs of the associated phases. That current 
operates the associated relays (see Figure 10-11). 
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Figure 10-9 —Schematic of locked-rotor protection of Figure 10-8 


Figure 10-10—Conventional phase differential protection using three 
percentage differential relays (one shown) 
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Figure 10-11—Self-balancing differential protection (one relay shown) 


The CTs and relays would normally be the same as the CTs and relays used for zero- 
sequence instantaneous ground overcurrent protection (see 10.5.2.3.2) with the relay set 
between 0.25 A and 1.0A pickup. Therefore, this differential scheme usually has a lower 
primary pickup in amperes than the conventional differential scheme because the CT ratio is 
usually greater with the conventional scheme. This differential scheme has a slight advantage 
over the scheme in Figure 10-10 in detecting ground faults. For motors installed on grounded 
systems this difference is significant because most faults begin as ground faults. The usual 
objective of motor-fault protection is to remove the fault before the stator iron is significantly 
damaged. 


Application problems have occurred with this scheme when the available fault current is very 
high and when high-speed balanced-core differential protection signals to trip the motor 
starter before the current-limiting fuses clear the fault and thus protect the starter. Because the 
starter has such a low fault rating, some engineers have slowed down the operation of the 
relay, by delay or different relay type, in order to distinguish between a developing low-level 
fault and a direct short. 


With the CTs located at the motor, this scheme does not detect a fault in the cables supplying 
power to the motor. A fault in these cables would normally be detected by the overcurrent 
protection. For large motors, coordinating the supply phase-overcurrent protection with the 
motor overcurrent protection is often a problem. The presence of motor differential protection 
is sometimes considered to make this coordination less essential. In this regard, the 
conventional differential is better than the self-balancing differential because the motor 
cables are also included in the differential protection zone. Hence coordination between the 
motor differential and supply phase-overcurrent relays is complete. 


As with zero-sequence ground-fault overcurrent protection, testing the overall CT and relay 
combinations is important during commissioning. Current in a test conductor should be 
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passed through the window of each CT. Because normally the relays do not carry current, an 
open circuit in a CT secondary or wiring to a relay can be discovered by this overall testing. 


10.5.2.2 Split winding current unbalance (Device 87) 
10.5.2.2.1 Purpose 


The purpose of the split winding current unbalance device is to quickly detect low-magnitude 
fault conditions. This protection also serves as backup to instantaneous phase-overcurrent and 
ground-fault overcurrent protection. This protection is normally only applied to motors 
having two (or three) winding paths in parallel per phase (see Figure 10-12). 


51 
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Figure 10-12—Split-phase motor overcurrent protection used with 
two paths per phase (one relay shown) 


10.5.2.2.2 Arrangement of CTs and relays 


The usual application is with a motor having two winding paths in parallel per phase. The six 
line leads (i.e., two per phase) of the motor are brought out, and one CT is connected in each 
of the six leads. The primary current rating of the CTs should be chosen to carry full-load 
current. 


The CTs may be installed at the motor. It may be convenient, however, to use six cables to 
connect the motor to its starter (or switchgear), and in this case the CTs can be located in the 
starter. 


The currents from each pair of CTs, associated with the same phase, are subtracted, and their 
difference is fed to a short-time inverse time-overcurrent relay. Three of these relays are 
required (i.e., one per phase), and each is set at 1.0 time dial and between 0.5 A and 2.5 A. 
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The relay should be set above the maximum current unbalance that can occur between the 
two parallel windings for any motor-loading condition. 


10.5.2.2.3 Evaluation of split winding current unbalance protection 


The following factors should be considered when evaluating split winding current unbalance 
protection: 


a) Total cost would be somewhat less than conventional phase differential and more 
than self-balancing differential. 

b) The primary pickup current for this protection would be about half of the primary 
pickup current of conventional phase differential because both schemes require the 
CT primaries to be rated to carry normal load currents. Self-balancing differential 
would usually have a lower primary pickup in amperes. 

c) This protection has a slight time delay compared to the phase differential schemes. 

d) When the CTs are located in the motor starter, split winding protection has the same 
advantage over self-balancing differential as does conventional phase differential, 
namely, it detects a fault in the motor cables and may facilitate coordination with the 
supply feeder overcurrent relays (see 10.5.2.1.2). 

e) The salient feature that this protection provides, and no other motor protection has, is 
the ability to sense short-circuited winding turns. The number of turns that must be 
short-circuited before detection occurs depends upon the motor winding 
arrangement, the relay pickup, and CT ratio. An analysis of the specific motor 
winding would be required to determine the worthiness of this feature. Short- 
circuited turns could cause a ground fault, which could be detected by the self- 
balancing differential scheme before this split winding protection would sense the 
short-circuited turns condition. 

f) This protection could be applied to a motor with four winding paths in parallel per 
phase by grouping them as two pairs as if only two paths in parallel existed (i.e., six 
CTs and three relays are used). 

g) A split differential scheme is often effectively used where one CT is in one of the 
parallel paths and the other CT sees the total phase current. 


10.5.2.2.4 Application of split winding protection 


Split winding protection is rarely used, but is feasible to apply to important motors rated 
above 3700 kW that have two or four winding paths in parallel per phase. 


10.5.2.3 Ground-fault protection 
10.5.2.3.1 Purpose 


The purpose of ground-fault protection is to protect motors by detecting ground-fault 
conditions with no intentional delay and to be certain that the unbalance current represents a 
true ground fault (i.e., not due to asymmetry in the primary current or to CT saturation). 
Following this detection, the protection may trip the motor circuit or only alarm, depending 
upon the voltage and facility operating practice. 
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10.5.2.3.2 Instantaneous ground-fault protection 


Using a zero-sequence (or window) CT that has been designed for instantaneous ground-fault 
protection and tested with a specific ground-fault relay is recommended (see Figure 10-13). 
For medium-voltage applications, the power system should be resistance-grounded, and the 
Device 50G should be set to operate for a primary ground-fault current in the range of 10 A 
to 30 A. A suitable time delay should be added when the installation has surge protection on 
the motors. 


Figure 10-13—Ground-fault overcurrent protection using window CT 


10.5.2.3.3 Time-overcurrent ground-fault protection 


Many installations have surge protection at the motor terminals, and a surge discharge 
through an arrester could cause an instantaneous relay to have a false trip. To avoid this event, 
a Device 51G should be applied, in place of the Device 50G in Figure 10-13, and set to trip 
within a few seconds of the fault-sensing pickup. 


10.5.2.3.4 Installation of cable for ground-fault protection 


The following precautions should be observed in applying the relay and zero-sequence CT 
and in installing the cables through the CT: 


a) If the cable passes through the CT window and terminates in a pothead on the source 
side of the CT, the pothead should be mounted on a bracket insulated from ground. 
Then the pothead should be grounded by passing a ground conductor through the CT 
window and connecting it to the pothead. 


b) If metal-covered cable passes through the CT window, the metal covering should be 
kept on the source side of the CT, insulated from ground. The terminator for the metal 
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covering may be grounded by passing a ground conductor through the CT window 
and then connecting it to the terminator. 

c) Cable shields should be grounded by passing a ground conductor through the CT 
window and then connecting it to the shields per Figure 8-9b. 

d) The overall CT and ground relay scheme should be tested by passing current in a test 
conductor through the CT window. Because normally no current exists in the relay, 
an open circuit in the CT secondary or wiring to the relay can be discovered by this 
overall test. 


10.5.2.3.5 Residually connected CTs and ground-fault relay 


Applications have been made using the residual connection from three CTs (i.e., one per 
phase) to supply the relay. This arrangement is not ideal because high phase currents (e.g., 
due to motor starting inrush or phase faults) may cause unequal saturation of the CTs and 
produce a false residual current. As a result, undesired tripping of the ground relay may 
occur, and the production or process may be jeopardized. For this reason, a Device 50N is not 
recommended in the residual connection. A Device 51N installed in the residual connection 
would be more appropriate for these installations. 


10.5.2.3.6 Selection of resistor for low-resistance system grounding 


The purpose of resistance grounding is to provide current sufficient for protective relays to 
operate upon detection of a ground fault, but low enough to limit the magnitude and resulting 
damage to the motor. (In mine distribution systems, the objective is to limit equipment-frame- 
to-earth voltages for safety reasons.) However, the ground-fault current should not be so 
limited that the windings near the neutral end are unprotected. In the past, protection within 
5% to 10% of the neutral has often been considered adequate. Selection of the ground resistor 
should also consider the number of steps in ground-fault overcurrent protection coordination 
(see Love [B5] and [B6]). On this basis, the ground resistor chosen for the system neutral 
grounding normally limits the ground-fault current within the range of 400 A to 2000 A. 
However, some companies prefer neutral ground-fault current limited to 200 A to 800 A; this 
difference emphasizes the need to coordinate the protection of a system. A 10 s time rating is 
usually chosen for the resistor. 


To avoid excessive transient overvoltages, the resistor should be chosen so that the following 
zero-sequence impedance ratio is achieved: 


Ro / Xo should be equal to or greater than 2. 
A more detailed discussion of the selection of the resistor can be found in Chapter 8. 
10.5.3 Monitors 


In addition to protection against failures due to electrical causes, advances in instrumentation 
and techniques have enabled protective methods that monitor machinery characteristics and, 
as a result, can detect trends of equipment failures during the incipient stage. This 
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development has manifested into monitors, sensors, and detectors that use inputs not related 
directly to measured electrical quantities of voltage and current. 


10.5.3.1 Stator winding overtemperature 


The purpose of stator winding overtemperature protection is to detect excessive stator 
winding temperature prior to the occurrence of motor damage. This protection is often 
arranged just to alarm on motors operated with competent supervision. Sometimes two 
temperature settings are used, the lower setting for alarm, the higher setting to trip. 


10.5.3.1.1 RTDs 


Six RTDs should be specified in motors rated 370 kW and above. They are installed in the 
winding slots when the motor is being wound. The six are spaced around the circumference 
of the motor core to monitor all phases. The most commonly used type is 120 Q platinum 
with three leads. The RTD element resistance increases with temperature, and Wheatstone 
bridge devices are used to provide temperature indication or contact operation, or both. 


For safety, RTDs should be grounded, and that ground in turn places a ground on the 
Wheatstone bridge control. Therefore, the Wheatstone bridge control should not be operated 
directly from a switchgear dc battery because these dc control schemes should normally 
operate ungrounded in order to achieve maximum reliability. However, loss of ac control 
voltage due to a blown fuse could remove protection, unless the null point is near the trip 
setting at which time it could cause tripping. An open RTD or its circuit appears as an infinite 
resistance and causes a false trip because this corresponds to a very high temperature. 


The following arrangements of RTDs are frequently used: 


a) Monitor all six leads continuously with alarm points and time-delayed higher trip 
points using one monitor or a programmable logic controller. 

b) Monitor six leads with alarm points and have a manual trip. 

c) Determine which detector normally runs hottest and permanently connect a trip relay 
to it. Use one temperature indicator and a selector switch to manually monitor the 
other five detectors. 

d) Use selector switch and combination indicator and alarm relay. Precaution: An open 
circuit in the switch contact will cause a false trip. Bridging contacts are required. 

e) Use selector switch and indicator only. 

f) | Use one, two, or three (i.e., one per phase) alarm relays; and use one, two, or three 
(i.e., one per phase) trip relays set at a higher temperature. 


10.5.3.1.2 Thermocouples 
Thermocouples are used to indicate temperatures for alarm and trip functions, in a similar 
manner to RTDs. However, an open circuit in the thermocouple leads does not cause a trip 


because the output appears as a low-temperature condition. The output from thermocouples is 
compatible with conventional temperature-monitoring and data-logging schemes. 
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10.5.3.1.3 Thermistors 


Thermistors are used to operate relays for alarm or trip functions, or both. They are not used 
to provide temperature indication. However, they are often combined with thermocouples, 
which provide indication, while the thermistor operates a relatively inexpensive relay. See 
10.4.3.2 for further details. 


10.5.3.1.4 Thermostats and temperature bulbs 


Thermostats and temperature bulbs are used on some motors. For instance, thermostats are 
bimetallic elements and are used on random wound motors (460 V class) to detect failure to 
start. They are embedded in the end windings and provide a contact opening to trip the motor. 
Bulb temperature devices are used to provide measurement and trip contacts for bearing oil 
temperature in oil-lubricated bearings. See 10.4.3.1 for further details. 


10.5.3.1.5 Application of stator winding temperature protection 


Stator winding temperature protection is commonly specified on all motors rated 190 kW and 
above. RTDs are commonly specified in all motors rated 370 kW and above. In the following 
situations, the application of stator winding temperature protection should be considered: 


a) Motors in high ambient temperatures or at high altitudes 

b) Motors whose ventilation systems tend to become dirty and lose cooling 
effectiveness 

c) Motors subject to periodic overloading due to load characteristics of the drive or 
process 

d) Motors likely to be subjected to continuous overloading (within their service factor 
range) in order to increase production 

e) Motors for which continuity of service is critical 

f) Motors supplied from ASDs 


10.5.3.2 Rotor overtemperature 
10.5.3.2.1 Synchronous motors 


Rotor winding overtemperature protection is available for brush synchronous motors, but is 
not normally used. One well-known approach is to use a Kelvin bridge chart recorder with 
contacts adjustable to the temperature settings desired. The Kelvin bridge uses field voltage 
and field current (from a shunt) as inputs and measures the field resistance in order to 
determine the field winding temperature. 


10.5.3.2.2 Wound-rotor induction motor-starting resistors 
Some form of temperature protection should be applied for wound-rotor induction motor- 
starting resistors on motors having severe starting requirements, such as long acceleration 


intervals or frequent starting. RTDs and other types of temperature sensors have been used in 
proximity to the resistors. 
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10.5.3.3 Mechanical and other protection 
10.5.3.3.1 Motor bearing and lubricating systems 


Various types of temperature sensors are used on sleeve bearings to detect overheating, such 
as RTDs, thermocouples, thermistors, thermostats, and temperature bulbs. Excessive bearing 
temperature may not be detected soon enough to prevent bearing damage. More serious 
mechanical damage to the rotor and stator may be prevented by tripping the motor before 
complete bearing failure. Thus, for maximum effectiveness, the following steps are 
recommended: 


a) Use a fast-responding temperature sensor. 


b) Locate the temperature sensor in the bearing metal where it is close to the source of 
overheating. 


c) Use the temperature sensor for tripping instead of alarm; for some installations, use 
both alarm and trip sensors, the former having a lower temperature setting. 


d) Provide alarm and trip devices on bearing lubricating systems to monitor 
1) Lubricating oil temperature, preferably from each bearing 
2) Bearing cooling water temperature, both temperature in and out 


3) Bearing lubricating oil flow and cooling water flow 


In lieu of the flow-monitoring recommended in Item d) 3), a suitable arrangement of pressure 
switches is often used. However, flow monitoring is strongly recommended for important or 
high-speed machines. 


Temperature sensors generally cannot detect impending failure of ball or roller bearings soon 
enough to be effective. Vibration monitors and detectors should be considered (see 10.5.3.4). 


Protection to detect currents that may cause bearing damage should be considered for motors 
having insulated bearings. 


10.5.3.3.2 Ventilation and cooling systems 
Alarm and trip devices should be considered, as follows: 


a) In motor ventilation systems 
1) To detect high differential pressure drop across air filters 


2) To detect loss of air flow from external blowers (In lieu of air flow monitoring, a 
suitable arrangement of pressure switches is often used; however, flow 
monitoring is preferable.) 


b) With water-cooled motors, to monitor water temperature, flow, or pressure 
c) With inert-gas-cooled motors, to sense pressure and temperature 


d) For motors in hazardous areas, to detect gas 
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10.5.3.3.3 Liquid detectors 


On large machines, liquid detectors are sometimes provided to detect liquid (usually water) 
inside the stator frame, e.g., because of a leak in the air cooler of a totally enclosed water- and 
air-cooled motor. 


10.5.3.3.4 Fire detection and protection 
For fire detection and protection, the following items should be considered: 


a) Installation of suitable smoke and flame detectors to alert operators to use suitable 
portable fire extinguishers. 

b) Installation of suitable smoke and flame detectors and an automatic system to apply 
carbon dioxide or other suppressant into the motor. Some old, large motors have 
internal piping to apply water for fire extinguishing. Possible false release of the 
water is a serious disadvantage. 

c) Use of synthetic lubricating oil that does not burn, particularly for drives having large 
lubricating systems and reservoirs and for systems in hazardous atmospheres. 
Lubricating systems of gas compressors or hydrocarbon pumps should be kept 
separate from the motor to preclude combustibles and flammables from entering the 
motor through the oil system. 


10.5.3.3.5 Partial discharge detectors 


Partial discharge detectors are embedded in the windings. They show a pattern of frequencies 
that are normal for a motor. Abnormal patterns of corona indicate insulation damage. These 
detectors are normally installed on large motors (>7500 kW) used for critical service. 


10.5.3.4 Vibration monitors and sensors 
10.5.3.4.1 Purpose of vibration monitoring 


Vibration monitoring has advanced from an important startup function to an effective tool 
during operation of the process. It increases safety and reliability and may reduce costs over 
the life of the plant. The three components of a vibration monitoring system are transducers, 
monitors, and machine diagnostic equipment, although many installations may not have 
permanent monitors and diagnostic systems (see Figure 10-14). 


10.5.3.4.2 Transducers 


Transducers are a critical part of a vibration monitoring system. Accurate machinery 
diagnostics depend upon reliable transducer signals. Two orthogonal, or XY, transducers 
should be installed at or near each bearing; and a phase reference probe, such as a once-per- 
turn event probe, should be installed on each shaft. This configuration provides diagnostic 
equipment with the information necessary to accurately indicate the vibratory motion. 
Transducers should be of rugged construction to better withstand the motor’s environment. In 
general, if rotor-related malfunctions are anticipated (e.g., unbalance, misalignment, rubs), 
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Figure 10-14— Vibration monitoring system 


vibration transducers that observe the rotor should be preferred. If housing-related 
malfunctions are anticipated (e.g., piping strains, structural resonances), transducers mounted 
on the machine housing should be preferred. 


10.5.3.4.2.1 Proximity transducers 


On motors with fluid-film bearings, such as sleeve bearings, noncontacting proximity 
transducers (see Figure 10-15) provide the best information and should be preferred. Often 
on these motors, much of the rotor motion is not transmitted to the housing. Noncontacting 
proximity transducers accurately indicate displacement of the rotor relative to the housing. 
They have a broad frequency response, down to dc (i.e., 0 Hz) at the low end. The upper end 
frequency response is also high (up to 10 kHz), but useful application at high frequencies is 
limited because little measurable displacement occurs at high frequencies. This transducer 
can measure slow-roll and the shaft’s average position within the bearing. For motors with 
rolling-element bearings, a special transducer can be applied to provide an earlier warning of 
bearing malfunctions than velocity transducers or accelerometers provide. Such motors have 
a high-gain, low-noise eddy-current proximity transducer that is installed in the bearing 
housing to observe the bearing outer race. Such transducers may be difficult to install in 
motors with tight clearances. See Figure 10-16 for a vibration limit curve. 


10.5.3.4.2.2 Velocity transducers 


Velocity transducers may be used on motors with rolling-element bearings where virtually all 
of the shaft motion is faithfully transmitted to the bearing housing. Velocity transducers are 
seismic devices that measure motion relative to free space, are useful for overall vibration 
measurement, and provide good frequency response in the mid-frequency range (i.e., 4.5 Hz 
to 1 kHz). This transducer is self-generating; no power source is required. Traditional 
velocity transducers are mechanical devices that suffer from a limited life span. Some 
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Reprinted with permission from Bentley-Nevada. 
Figure 10-15—Typical proximity transducers 


modern velocity transducers use a piezoelectric sensing element, do not suffer from this 
limitation, and are thus preferred. See Figure 10-17 for a vibration limit curve. 


10.5.3.4.2.3 Accelerometers 


Accelerometers are generally used on motors with rolling-element bearings where virtually 
all of the shaft motion is transmitted to the bearing housing. Accelerometers are useful for 
overall vibration measurements and have a broad frequency response. They are particularly 
useful for high-frequency measurements. An accelerometer is almost the only viable 
transducer at high frequencies (usually above 5 kHz). Motor vibration acceleration increases 
with frequency. Therefore, the acceleration unit of measurement is favored. However, at low 
frequencies, its usefulness is limited. Accelerometers are sensitive to the method of 
attachment and the quality of the mounting surface. 


10.5.3.4.2.4 Vibration limits 


API Std 541-1995 recommends limits for shaft and bearing vibrations, using noncontact 
vibration probes on hydrodynamic bearing motors operating at speeds equal to or greater than 
1200 r/min. Examples of these limits are shown in Figure 10-16 and Figure 10-17 from API 
Std 541-1995. 


10.5.3.4.3 Monitors 
10.5.3.4.3.1 Monitors process and display transducer signals 


Monitors should detect malfunctions in the transducer system and the transducer power 
supply. They should provide two levels of alarm and protect against false alarms. They should 
be constructed so that both the unprocessed and processed information is available to online 
and portable diagnostic equipment. Monitors designed to work with accelerometers or 
velocity transducers should be able to integrate the signal. See Figure 10-18 for sample 
monitoring system panels. 
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NOTES 

1—Vibration displacement at any frequency below running-speed frequency shall not exceed 
0.1 mil or 20% of the measured unfiltered vibration displacement, whichever is greater. 
2—Vibration displacement at any filtered frequency above running-speed frequency shall not ex- 


ceed 0.5 mil peak to peak. 
3—Vibration displacement filtered at running-speed frequency shall not exceed 80% of the 


unfiltered limit (runout compensated). 


Figure 10-16—Shaft vibration limits (relative to bearing housing using 
noncontact vibration probes): for all hydrodynamic sleeve-bearing motors; 
with the motor securely fastened to a massive foundation 


10.5.3.4.3.2 Continuous monitors 

Motors that are critical to a process should be instrumented with continuous monitors, in 
which each monitor channel is dedicated to a single transducer. These monitors have the 
fastest response time and provide the highest level of motor protection. 

10.5.3.4.3.3 Periodic monitors 

General purpose motors can be instrumented with periodic monitors, in which each monitor 


channel is time-shared among many transducers. Consequently, the response time is slower 
than the continuous monitor. 
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NOTES 
1—For unfiltered vibration limits, use the motor synchronous or maximum rotational speed in 
revolutions per minute. 


2—For filtered limits, use vibration frequency in hertz. 
3—Limits are for sleeve and antifriction bearing motors. 


Figure 10-17— Bearing housing vibration limits: for sleeve and antifriction 
bearing motors; with the motor securely fastened to a massive foundation 


10.5.3.4.3.4 Portable monitors 

These monitors are widely used, primarily when a permanent monitoring system has not been 
justified. They are often used with infrared scanners, which determine whether bearings are 
overheating. The results are suitable for trending in condition-based maintenance programs. 
Other types of portable monitors include ultrasonic probes as part of their maintenance 
programs. 

10.5.3.4.4 Diagnostic systems 

10.5.3.4.4.1 Purpose of diagnostic systems 


A diagnostic system is essential to effective machinery management. Being computerized, 
the system processes the data provided by the transducers and monitors into information that 
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Figure 10-18—Monitoring system panels 


can be used to make decisions regarding motor operation. A diagnostic system should be 
capable of simultaneously processing the data from two orthogonal transducers and a once- 
per-turn reference probe. It should display data in several plot formats, including orbit, 
timebase, Bode, polar, shaft centerline, trend, spectrum, and full spectrum. It should 
minimize operator involvement in motor configuration and data acquisition. It should display 
alarms for each monitored channel, trend its data over time, and archive its data to a storage 
medium (e.g., computer disk). It should integrate with computer networks and control 
systems. 


10.5.3.4.4.2 Continuous online diagnostic systems 


Motors that are critical to a process should be managed by a continuous online diagnostic 
system. Each channel in a continuous online diagnostic system is dedicated to the data from a 
single transducer and monitor channel. The diagnostic system processes machinery 
information online, and the data are continuously sampled and available to the host computer. 
A diagnostic system that processes steady-state information, during normal operation, is a 
minimum requirement; and the diagnostic system should be capable of processing data both 
during startups and shutdowns. It should be capable of displaying information in real time. 
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The continuous online diagnostic system is expensive and should be evaluated as any 
protection to determine its feasibility. 


10.5.3.4.4.3 Periodic online diagnostic systems 


General purpose motors can be managed by an online periodic diagnostic system. Each 
channel in a periodic system can be shared among many transducers. The data are 
periodically sampled and continuously available to the host computer. 


10.5.3.4.4.4 Vibration limits 


The vibration limits for motor shafts and bearing housings depend mainly on the operating 
speed. Typical limits are described in API Std 541-1995 and API Std 546-1997. The limits for 
filtered and unfiltered measurements are also described. 


10.5.4 Synchronous motor protection 
10.5.4.1 Damper winding protection 


When a synchronous motor is starting, high currents are induced in its rotor damper winding. 
If the motor-accelerating time exceeds specifications, the damper winding may overheat and 
be damaged. 


Several different electromechanical and electronic protective schemes are available. None of 
these schemes directly senses damper winding temperature. Instead, they try to simulate the 
temperature by evaluating two or more of the following quantities: 


a) Magnitude of induced field current that flows through the field discharge resistor. 
This value is a measure of the relative magnitude of induced damper-winding current. 

b) Frequency of induced field current that flows through the discharge resistor. This 
value is a measure of rotor speed and provides an indicator, therefore, of the increase 
in damper-winding thermal capability resulting from the ventilation effect and the 
decrease of induced current. 

c) Time interval after starting. 


10.5.4.2 Field-current failure protection 


Field current may drop to zero or a low value when a synchronous motor is operating for 
several reasons: 


— _ Tripping of the remote exciter, either motor-generator set or electronic. (Controls for 
these should be arranged so that the remote exciter will not drop out on an ac voltage 
dip.) 

— Burnout of the field contactor coil. (The control should be arranged so that the field 
contactor does not drop out on an ac voltage dip.) 

— Accidental tripping of the field. (Field-circuit overcurrent protection is usually omit- 
ted from field breakers and contactors in order to avoid unnecessary tripping.) The 
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field circuit is usually ungrounded and should have ground detection lights or relay 
applied to it to detect the first ground fault before a short circuit occurs (see 10.5.7.1). 
— High-resistance contact or open circuit between slip ring and brushes due to exces- 
sive wear or misalignment. 
— _ Failure of diode bridge on rotating diodes on a brushless exciter (detected by pullout 
relays). 


Reduced field-current conditions should be detected for the following reasons: 


— Overloaded motors pull out of step and stall. 

— Lightly loaded motors are not capable of accepting load when required. 

— Normally loaded motors, which do not pull out of step, are likely to do so on an ac 
voltage sag through which they might otherwise ride. 

— The excitation drawn from the power system by large motors may cause a serious 
system voltage drop and endanger continuity of service to other motors. 


A common approach to field-current failure protection is to use an instantaneous dc 
undercurrent relay to monitor field current. This application should be investigated to ensure 
that no transient conditions would reduce the field current and cause unnecessary tripping of 
this instantaneous relay. A timer could be used to obtain a delay of one or more seconds, or 
the relay could be connected to alarm only where competent supervising personnel are 
available. 


Field-current failure protection is also obtained by the generator loss-of-excitation relay that 
operates from the VTs and CTs that monitor motor stator voltages and current. This approach 
has been done on some large motors (i.e., 3000 kW and above). This relay may also provide 
pullout protection (see 10.5.4.4) 


10.5.4.3 Excitation voltage availability 


Device 56 is a relay that automatically controls the application of the field excitation to an ac 
motor at some point in the trip cycle, probably more related to permissive control function. 
This device is a frequency relay, but others apply a simple voltage relay as a permissive start 
to ensure that voltage is available from the remote exciter. This approach avoids starting and 
then having to trip because excitation was not available. Loss of excitation voltage is not 
normally used as a trip; the field-current failure protection is used for this function. 


10.5.4.4 Pullout protection (Device 55) 
Pulling out of step is usually detected by one of the following relay schemes: 


a) A power factor relay (Device 55) responding to motor stator voltage and current VTs 
and CTs. See 10.5.4.5 about the need to delay actuation of the pullout relay until the 
machine has a chance to pull into synchronism during a calculated period. 

b) An instantaneous relay connected in the secondary of a transformer whose primary 
carries the dc field current. The normal dc field current is not transformed. When the 
motor pulls out of step, alternating currents are induced in the field circuit and 
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transformed to operate the pullout relay. This relay, while inexpensive, is sometimes 
subject to false tripping on ac transients accompanying external system fault 
conditions and also ac transients caused by pulsations in reciprocating compressor 
drive applications. Device 95 has sometimes been used to designate this relay. 

c) The generator loss-of-excitation relay (Device 40). 


10.5.4.5 Incomplete starting sequence (Device 48) 


Incomplete starting sequence protection is normally a timer that blocks tripping of the field- 
current failure protection and the pullout protection during the normal starting interval. The 
timer is started by an auxiliary contact on the motor starter, and it times for a preset interval 
that has been determined during test starting to be slightly greater than the normal interval 
from start to reaching full field current. The timer puts the field-current failure and pullout 
protection in service at the end of its timing interval. This timer is often a de-energize-to-time 
device so that it is fail-safe with regard to applying the field-current failure and pullout 
protection. 


10.5.4.6 Operation indicator for protection devices 


Many types of the protective devices discussed in 10.5.4.1 through 10.5.4.5 do not have 
operation indicators. Separate operation indicators should be used with these protective 
devices. 


10.5.5 Induction motor protection 


For induction motor incomplete starting sequence protection (Device 48), wound-rotor 
induction motors and reduced-voltage starting motors should have a timer applied to protect 
against failure to reach normal running conditions within the normal starting time. Such a de- 
energized-to-time device is started by an auxiliary contact on the motor starter and times for a 
preset interval, which has been determined during test starting to be slightly greater than the 
normal starting interval. The timer trip contact is blocked by an auxiliary contact of the final 
device that operates to complete the starting sequence. This device would be the final 
secondary contactor in the case of a wound-rotor motor, or it would be the device that applies 
full voltage to the motor stator. Incomplete sequence protection should also be applied to 
part-winding and wye-delta motor-starting control and to pony motor and other reduced- 
voltage sequential start schemes. 


10.5.6 Protection against excessive starting 
The following protections against excessive starting are available: 


a) A timer, started by an auxiliary contact on the motor starter, with contact arranged to 
block a second start until the preset timing interval has elapsed. 

b) = Stator thermal overcurrent relays (Device 49), which provide some protection, with 
the degree of protection depending upon: 
1) The normal duration and magnitude of motor inrush 
2) The relay-operating time at motor inrush and the cool-down time of the relay 
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3) The thermal damper-winding protection on synchronous motors 
4) Rotor overtemperature protection 


c) Multifunction motor protection relays that have the capability to be programmed to 
limit the number of starts during a specific period. Large motors are often provided 
with nameplates giving their permissible frequency of starting. 


10.5.7 Rotor winding protection 


10.5.7.1 Synchronous motors 


The field and field supply should not be intentionally grounded. While the first ground 
connection does not cause damage, a second ground connection probably will. Therefore, 
detecting the first ground is important. The following methods are used: 


a) Connect two lamps in series between field positive and negative with the midpoint 
between the lamps connected to ground. A ground condition shows by unequal bril- 
liancy of the two lamps. 


b) Connect two resistors in series between field positive and negative with the midpoint 
between the resistors connected through a suitable instantaneous relay to ground. The 
maximum resistance to ground that can be detected depends upon the relay sensitiv- 
ity and the resistance in the two resistors. This scheme does not detect a ground fault 
at midpoint in the field winding. If a varistor is used instead of one of the resistors, 
then the point in the field winding at which a ground fault cannot be detected changes 
with the magnitude of the excitation voltage. This approach is used to overcome the 
limitation of not being able to detect a field midpoint ground fault. 


c) Apply low ac voltage between the field circuit and ground, and monitor the ac flow to 
determine when a field-circuit ground fault occurs. Before using one of these 
schemes, a determination should be made that a damaging ac current will not flow 
through the field capacitance to the rotor iron and then through the bearings to ground 
and thus cause damage to the bearings. 


If a portion of the field becomes faulted, damaging vibration may result. Vibration monitors 
and sensors should be considered. 


10.5.7.2 Wound-rotor induction motors 


The protection for wound-rotor induction motors is similar to the protection described for 
synchronous motors, except the field is three-phase ac instead of a dc field (see Figure 10- 
19). Yuen, et al. [B13], describe some operating experience which confirms the effectiveness 
of this protection. Wound-rotor motor damage can result due to high-resonant torques from 
operation with unbalanced impedances in the external rotor circuit on speed-controlled 
motors. Protection to detect this fault is available although it has seldom been used. 
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Figure 10-19— Rotor ground protection of wound-rotor motor 


10.5.8 Lightning and surge protection 


10.5.8.1 Types of protection 


Surge arresters are often used, one per phase connected between phase and ground, to limit 
the voltage to ground impressed upon the motor stator winding due to lightning and 
switching surges. The need for this type of protection depends upon the exposure of the 
motor and its supply to surges. Medium-voltage cables have capacitance in their shields that 
can attenuate a surge. Like many protective applications, the engineer should evaluate 
importance and replacement costs, as well. A study is recommended. 


The insulation of the stator winding of ac rotating machines has a relatively low impulse 
strength. Stator winding insulation systems of ac machines are exposed to stresses due to the 
steady-state operating voltages and to steep-front voltage surges of high amplitudes. Both 
types of voltages stress the ground insulation. The steep-front surges also stress the turn 
insulation. If the rise time of the surge is steep enough (i.e., 0.1 us to 0.2 us), most of the 
surge can appear across the first coil, the line-end coil; and its distribution in the coil can be 
nonlinear. This phenomenon can damage the turn insulation even though the magnitude of 
the surge is limited to a value that can be safely withstood by the ground wall insulation. 


The surge arrester should be selected to limit the magnitude of the surge voltage to a value 
less than the motor insulation surge withstand [or basic impulse insulation level (BIL)]. 
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The steepness of the surge wavefront at the motor terminals is influenced by two time 
constants: 


— At the supply end, by the effect of system inductance, grounding resistance, and 
motor cable impedance 


— At the motor end, by cable impedance and motor capacitance 


Surge capacitors are used, also connected between each phase and ground, to decrease the 
slope of the wavefront of lightning and switching surge voltages. As the surge voltage 
wavefront travels through the motor winding, the surge voltage between adjacent turns and 
adjacent coils of the same phase are lower for a wavefront having a decreased slope. (A less 
steep wavefront is another way of designating a wavefront having a decreased slope.) The 
recommended practice is to install a surge protection package consisting of a three-phase 
capacitor and three surge arrestors. 


Table 10-2—The equivalent BILs by present standard test for commercially 
used motor voltages 


Rated voltage | NEMABIL | IEC BIL 
(V) (kV) (kV) 


The steep-fronted surges appearing across the motor terminals are caused by lightning 
strikes, normal circuit breaker operation, motor starting, aborted starts, bus transfers, 
switching windings (or speeds) in two-speed motors, or switching of power factor correcting 
capacitors. Turn insulation testing also imposes a high stress on the insulation system. 


The crest value and rise time of the surge at the motor depend on the transient event taking 
place, on the electrical system design, and on the number and characteristics of all other 
devices in the system. These factors include, but are not limited to, the motor, the cables 
connecting the motor to the switching device, the conduit and conduit grounding, the type of 
switching device, the length of the switchgear bus, and the number of other circuits 
connected to the bus. 


See IEEE Std C37.96-2000 for additional information on recommendations of the IEEE 
Surge Protection Committee. 


10.5.8.2 Locations of surge protection 


The surge protection should be located as close to the motor terminals (in circuit length) as 
feasible, preferably with leads of 1 m or less. The supply circuit should connect directly to 
the surge equipment first and then go to the motor. 


Copyright © 2001 IEEE. All rights reserved. 383 


IEEE 
Std 242-2001 CHAPTER 10 


Specifying that the surge protection be supplied in an oversized terminal box on the motor or 
in a terminal box adjacent to the motor is becoming more common. When surge protection is 
supplied in a motor terminal box, it must be disconnected before high-voltage dielectric 
testing of the motor is begun. This step is a recognized inconvenience of this arrangement. A 
separate surge disconnecting device may be required. 


If the motors are within 30 m of their starters or the supply bus, locating the surge arresters, 
but not capacitors, in the starters or supply bus switchgear is economical (but not as 
effective). In the latter case, one set of surge protection can be used for all the motors within 
that 30 m of the bus. Alternatively, this approach may be used for the smaller motors, and 
individual surge protection installed at each larger motor. Neither of these remote methods is 
recommended nor is locating the surge protection at the line side of the motor disconnect 
recommended as the disconnect can also be located too distant to be effective. 


10.5.8.3 Application of surge protection 
The following factors should be considered when applying surge protection: 


a) When a medium-voltage motor is rated above 370 kW, surge arresters and capacitors 
should be considered. 

b) When a 150 kW or larger motor is connected to open overhead lines at the same volt- 
age level as the motor, surge arrestors and capacitors should be considered. 

c) Even when a transformer is connecting the motors to open overhead lines, surge 
protection is still required at times to protect against lightning or switching surges. 
Techniques are available to analyze this situation. If doubt exists, surge protection 
should be provided. Refer to 10.5.8.2 for surge protection on the supply bus for 
motors located remote from the bus. In addition, refer to Chapter 13 and Chapter 14, 
which recommend protection for switchgear and incoming lines. 

d) Where certain vacuum or SF¢ circuit breakers or vacuum contactors are used, surge 
protection may be necessary due to the possibility of restrikes, which can result in 
voltage spikes. 


10.5.9 Protection against overexcitation from shunt capacitance 
10.5.9.1 Nature of problem 


When the supply voltage is switched off, an induction motor initially continues to rotate and 
retain its internal voltage. If a capacitor bank is left connected to the motor or if a long 
distribution line having significant shunt capacitance is left connected to the motor, the 
possibility of overexcitation exists. Overexcitation results when the voltage versus current 
curves of the shunt capacitance and the motor no-load excitation characteristic intersect at a 
voltage above the rated motor voltage. 


The maximum voltage that can occur is the maximum voltage on the motor no-load 
excitation characteristic (sometimes called magnetization or saturation characteristic). This 
voltage, which decays with motor speed, can be damaging to a motor (see Figure 10-20 as an 
example). 
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Figure 10-20—Excess shunt capacitance from utility line, which is likely to 
overexcite a large high-speed motor 


Damaging inrush can occur if automatic reclosing or transfer takes place on a motor that has 
a significant internal voltage due to overexcitation. 


10.5.9.2 Protection 


When overexcitation is expected, protection can be applied in several ways, beginning with 
the simplest protection of a separate contactor to drop out the capacitors when the motor 
power source is lost. The contactor could also be dropped out by instantaneous overvoltage 
relays. An alternative is to use a high-speed underfrequency relay, which, however, may not 
be fast enough on high-inertia or lightly loaded motors. 


The underfrequency relay is not suitable for motors whose frequency may not decrease 
following loss of the supply overcurrent protective disconnecting device. With these 
applications, a loss-of-power relay could be used. Examples of these applications are 


a) Mine hoist with overhauling load characteristic at time of loss of supply overcurrent 
device 


b) Motor operating as induction generator on shaft with process gas expander 


c) Induction motor with forced commutation from an ASD 
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10.5.10 Protection against automatic reclosing or automatic transfer 
10.5.10.1 Nature of problem 


When the supply voltage is switched off, motors initially continue to rotate and retain an 
internal voltage. This voltage decays with motor speed and internal flux. If system voltage is 
restored out-of-phase with a significant motor internal voltage, high inrush current can 
damage the motor windings or produce torques damaging to the shaft, foundation or drive 
coupling, or gears (see 10.3.2). 


IEEE Std C37.96-2000 discusses considerations for the probability of damage occurring for 
various motor and system parameters. One of the best methods to prevent fast reclosing is to 
consult with the power supplier to determine whether they can delay reclosing (e.g., 2s or 
more or whatever becomes a standard practice). 


10.5.10.2 Protection 
The following protection alternatives should be considered: 


a) Delay restoration of system voltage, using a timer (Device 62) for a preset interval 
sufficient for adequate decay of the motor internal voltage. This method may not be 
as necessary if the power supplier cooperates on the reclosing, but could be a backup 
device, provided that the timer’s reliability is acceptable. 

b) Delay restoration of system voltage until the internal voltage fed back from the 
motors has dropped to a low enough value. This value is commonly considered to be 
25% of rated voltage. The frequency also decreases as the voltage decays due to 
motor deceleration. The undervoltage relay (Device 27) and its setting should be cho- 
sen accordingly to include a full-wave rectifier and a de coil and to make the relay 
dropout independent of frequency. If an ac frequency-sensitive relay is used, it should 
be set (based on motor and system tests) to actually drop out at 25% of rated voltage 
and at the frequency that will exist when 25% of rated voltage is reached. 

c) Use a high-speed underfrequency relay (Device 81) to detect the supply outage and 
trip the motors before supply voltage is restored. A limitation exists if the motor 
operates at the same voltage level as the supply lines on which faults may occur 
followed by an automatic reclosing or transfer operation. The problem is that the 
underfrequency relay requires some voltage in order to have operating torque. If no 
impedance (e.g., a transformer) exists between the motor and the system fault 
location, then the voltage may not be sufficient to permit the underfrequency relay to 
operate. Digital frequency relays are not as voltage limited as electromechanical 
relays. 

d) Use single-phase (Device 27) or three-phase undervoltage relays as follows: 

1) One relay with a sufficiently fast time setting can be connected to the same VT 
as the underfrequency relay [see Item c)] and sense the fault condition that 
results in insufficient voltage to operate the underfrequency relay. 

2) One, two, or three relays (i.e., each connected to a different phase) can be used 
to detect the supply outage and trip the motors when sufficient time delay exists 
before the supply is restored. 
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e) Use a loss-of-power relay (Device 37). This underpower relay should be sufficiently 
fast and sensitive. A high-speed three-phase relay has been used frequently, but 
should be blocked at startup until sufficient load is obtained on the circuit or motor 
with which it is applied. 

f) Use a reverse-power relay (Device 32). This relay detects a separation between 
motors and their source. While this approach is suitable in some circumstances, the 
loss-of-power relay application is generally more suitable than the reverse-power 
relay application due to the following limitations: 

1) During the fault when the source is still connected to the motors, net power flow 
continues into the motors for low-level faults. Although not true for three-phase 
bolted faults, low-level faults have very low impedance into which reverse 
power flows. 

2) Tripping by reverse power can usually be relied upon only if a definite load 
remains to absorb power from high-inertia motor drives after the source-fault- 
detecting relays isolate the source from the motors. 

3) Reverse-power relays responsive to reactive power (i.e., vars) instead of real 
power (i.e., watts) usually do not provide a suitable means of isolating motors 
prior to automatic reclosing or automatic transfer operations. 


10.5.11 Protection against excessive shaft torques 


A phase-to-phase or three-phase short circuit at or near the synchronous motor terminals 
produces high shaft torques that may be damaging to the motor or driven machine. Computer 
programs have been developed for calculation of these torques. Refer to IEEE Std C37.96- 
2000 for information on this potential problem. 


To minimize exposure to damaging torques, a three-phase high-speed undervoltage relay 
(Device 27) can be applied to detect severe phase-to-phase or three-phase short-circuit 
conditions for which the motors should be tripped. This relay is often the type whose torque 
is proportional to the area of the triangle formed by the three voltage phasors. A severe 
reduction in phase-to-phase or three-phase voltage causes tripping. An additional tripping 
delay of 1 cycle to 8 cycles may be satisfactory from a protection point of view and desirable 
to avoid unnecessary shutdowns. This protection can be achieved using a suitable timer. 
Selection of protection and settings for this application should be done in consultation with 
the suppliers of the motor, driven machine, and protection device. 


10.5.12 Protection against excessive shaft torques developed during transfer 
of motors between out-of-phase sources 


A rapid transfer of large motors from one energized power system to another energized power 
system could cause very high motor inrush currents and severe mechanical shock to the 
motor. The abnormal inrush currents may be high enough to trip circuit breakers or blow 
fuses and could damage motor system components. The mechanical jolt could physically 
damage the motor, shaft, and couplings. 


These effects can occur in emergency or standby power systems when a motor is de- 
energized and then rapidly reconnected to another source of power that is out-of-phase with 
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the motor’s regenerated voltage. Motors above 37kW driving high-inertia loads (e.g., 
centrifugal pumps, fans) may require special consideration. 


The problem can be eliminated if the motor circuits can be de-energized long enough to 
permit the residual voltage to decay before power is again applied to the motor. This step can 
be done in two ways. In one available method, auxiliary contacts or a relay on the automatic 
transfer switch can open the motor holding coil circuits, while the transfer is delayed about 
3 s. This method is sometimes effective, but requires interwiring between the transfer switch 
and the motor starters and depends upon the reliability of a timing device. Another method 
utilizes a transfer switch with a timed center-off position. The switch opens, goes to the 
neutral or off position, is timed to stay there about 3 s to 10 s, and then completes the transfer. 
This approach eliminates any interwiring to the motors. The required time delay should be 
carefully set and may vary as the system conditions change. A third position (neutral) creates 
the danger that the transfer switch may remain indefinitely in a neutral position in the event of 
a control circuit or contactor malfunction. 


Another solution is to momentarily parallel the two power sources on transfer, connecting 
both sources together and then dropping one out. This approach is completely effective 
because power to the motors is never interrupted. However, it can require new equipment. If 
one source is utility power, a problem may exist in that some utilities do not permit 
paralleling another source with their systems. In obtaining permission for the paralleling 
from the utility, a design review may lead to additional protective relaying. An additional 
factor is that the combined available fault current may exceed the ratings of the connected 
electrical switching equipment. 


In-phase transfer is another solution to the problem. An accessory on the transfer switch, 
known as an in-phase monitor (Device 25), measures the phase-angle difference between the 
two power sources. An on-site generator set would be controlled by an automatic 
synchronizer, which recognizes that the two sources continually go in and out of phase. At 
the proper window or acceptable phase-angle difference between the sources, the 
synchronizer initiates transfer. The design allows for the operating time of the transfer switch 
so that the oncoming source is connected to the motors in phase or at a phase difference small 
enough to eliminate excessive inrush currents and mechanical shock. No special field 
adjustments or interwiring to the motors are required. For typical transfer switches with 
transfer times of 10 cycles (166 ms) or less and for frequency differences between the sources 
of up to 2 Hz, the synchro-check relay provides a safe transfer of motors. 


10.5.13 Protection against failure to rotate 
10.5.13.1 Failure to rotate 


A failure to rotate occurs when the supply is single phased or if the motor or driven machine 
is jammed. The following protection is available: 


a) Relays may be used to detect single phasing (see 10.3.3.2). 


b) The direct means to detect failure to rotate is to use a shaft-speed sensor and timer to 
check whether a preset speed has been reached by the end of a short preset interval 
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after energizing the motor. This protection is necessary for induction and brushless 
synchronous motors that have a permissible locked-rotor time less than normal 
acceleration time. 


c) For induction and brushless synchronous motors having a permissible locked-rotor 
time greater than normal acceleration time, relying upon the inverse-time phase- 
overcurrent relays is normal (see 10.3.4 and 10.3.5). 


d) For brush synchronous motors having a permissible locked-rotor time less than 
normal acceleration time, one method of protection is to use a frequency-sensitive 
relay connected to the field discharge resistor and a timer because the frequency of 
the induced field current flowing through the discharge resistor is related to the motor 
speed. A frequency-sensitive adjustable time-delay voltage relay is also available to 
provide this protection. 


e) For brush synchronous motors having a permissible locked-rotor time greater than 
normal acceleration time, relying upon the damper-winding protection and incom- 
plete starting sequence protection is normal. 


f) Fora large induction motor protection to start, an impedance relay (Device 21) may 
be applied (see 10.5.1, Figure 10-8, and Figure 10-9). 


10.5.13.2 Reverse rotation 


A directional speed switch mounted on the shaft and a timer can be used to detect starting 
with reverse rotation. Some motor loads are equipped with a ratchet arrangement to prevent 
reverse rotation. 


A reversal in the phase rotation can be detected by a reverse-phase voltage relay (Device 47) 
[see 10.3.3.4 b)] if the reversal occurs in the system on the supply side of the relay. This relay 
cannot detect a reversal that occurs between the motor and the point at which the relay is 
connected to the system. 


10.6 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


API Std 541-1995, Form-Wound Squirrel Cage Induction Motors—250 Horsepower and 
Larger? 


API Std 546-1997, Brushless Synchronous Machines—500 kVA and Larger. 


IEC 60947-4-1-2000, Low-Voltage Switchgear and Controlgear, Part 4: Contactors and 
Motor Starters, Section One—Electromechanical Contactors and Motor-Starters he 


3 API publications are available from the Publications Section, American Petroleum Institute, 1200 L Street NW, 
Washington, DC 20005, USA (http://www.api.org/). 
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IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (EEE Red Book). 


IEEE Std 241-1990 (Reaff 1997), IEEE Recommended Practice for Electric Power Systems 
in Commercial Buildings WEEE Gray Book). 


TEEE Std 1015-1997, IEEE Recommended Practice for Applying Low-Voltage Circuit 
Breakers Used in Industrial and Commercial Power Systems (EEE Blue Book). 


TEEE Std C37.2-1996, IEEE Standard Electrical Power System Device Function Numbers. 


IEEE Std C37.17-1997, Trip Devices for AC and General Purpose DC Low-Voltage Power 
Circuit Breakers. 


IEEE Std C37.96-2000, IEEE Guide for AC Motor Protection. 


NEMA ICS 2-2000, Industrial Control and Systems Controllers, Contactors and Overload 
Relays Rated 600 Volts.® 


NEMA MG 1-1998 (Revision 1, 2000), Motors and Generators. 
NFPA 20-1999, Standard for the Installation of Centrifugal Fire Pumps.’ 


NFPA 70-1999, National Electrical Code® (NEC®) 8 
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Chapter 11 
Transformer protection 


11.1 General discussion 


Increased use of electric power in industrial plants has led to the use of larger and more 
expensive primary and secondary substation transformers. This chapter is directed towards 
the proper protection of these transformers. 


Primary substation transformers normally range in size between 1000 kVA and 12 000 kVA, 
with a secondary voltage between 2400 V and 13 800 V. Secondary substation transformers 
normally range in size between 300 kVA and 2500 kVA, with secondary voltages of 208 V, 
240 V, or 480 V. Larger and smaller transformers may also be protected by the devices dis- 
cussed in this chapter. 


11.2 Need for protection 


Transformer failure may result in loss of service. However, prompt fault clearing, in addition 
to minimizing the damage and cost of repairs, usually minimizes system disturbance, the 
magnitude of the service outage, and the duration of the outage. Prompt fault clearing usually 
prevents catastrophic damage. Proper protection is, therefore, important for transformers of 
all sizes, even though they are among the simplest and most reliable components in the 
plant’s electrical system. 


Previous studies (see Table 11-1) have indicated that all transformers had a failure rate of 62 
per 10 000 transformer years; that transformers rated 300 kVA to 10 000 kVA had a failure 
rate of 59 per 10 000 transformer years; and that transformers rated greater than 10 000 kVA 
had a failure rate 153 per 10 000 transformer years. These statistics might be taken incor- 
rectly to imply that little or no transformer protection is required. 


The need for transformer protection is strongly indicated when the average forced hours of 
downtime per transformer year is considered. The large value of 356 h average out-of-service 
time per transformer failure challenges the system engineer to properly protect the trans- 
former and minimize any damage that could occur. 


The failure of a transformer can be caused by any of a number of internal or external 
conditions that make the unit incapable of performing its proper function electrically or 
mechanically. Transformer failures may be grouped by initiating cause as follows: 


a) Winding breakdown, the most frequent cause of transformer failure. Reasons for this 
type of failure include insulation deterioration or defects in manufacturing, overheat- 
ing, mechanical stress, vibration, and voltage surges. 

b) Terminal boards and no-load tap changers. Failures are attributed to improper 
assembly, damage during transportation, excessive vibration, or inadequate design. 
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All liquid filled 356.1 


Table 11-1—Reliability of power transformers (1979 survey) 


Failure rate Average repair Average 


Equipment subclass (failures for time replacement time 


unit-year) (hours per failure) | (hours per failure) 


Liquid filled 297.4 
300-10 000 kVA 


Liquid filled 1178.57 
>10 000 kVA 


Dry 
300-10 000 kVA 


Source: IEEE Std 493-1997 (The Gold Book) 


“Small sample size; less than eight failures. 


c) 


d) 


e) 


Bushing failures. Causes include vandalism, contamination, aging, cracking, and 
animals. 


Load-tap-changer failures. Causes include mechanism malfunction, contact prob- 
lems, insulating liquid contamination, vibration, improper assembly, and excessive 
stresses within the unit. Load-tap-changing units are normally applied on utility sys- 
tems rather than on industrial systems. 

Miscellaneous failures. Causes include core insulation breakdown, bushing current 
transformer (CT) failure, liquid leakage due to poor welds or tank damage, shipping 
damage, and foreign materials left within the tank. 


Failure of other equipment within the transformer protective device’s zone of protection 
could cause the loss of the transformer to the system. This type of failure includes any equip- 
ment (e.g., cables, bus ducts, switches, instrument transformers, surge arresters, neutral 
grounding devices) between the next upstream protective device and the next downstream 


device. 


11.3 Objectives in transformer protection 


Protection is achieved by the proper combination of system design, physical layout, and pro- 
tective devices as required to 


a) 
b) 


c) 


394 


Economically meet the requirements of the application, 
Protect the electrical system from the effects of transformer failure, 


Protect the transformer from disturbances occurring on the electrical system to which 
it is connected, 
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d) Protect the transformer as much as possible from incipient malfunction within the 
transformer itself, and 


e) Protect the transformer from physical conditions in the environment that may affect 
reliable performance. 


11.4 Types of transformers 


Under the broad category of transformers, two types are widely used in industrial and 
commercial power systems: liquid and dry. Liquid transformers are constructed to have the 
essential element, the core and coils of the transformer, contained in the liquid-filled 
enclosure. This liquid serves both as an insulating medium and as a heat-transfer medium. 
The dry transformers are constructed to have the core and coils surrounded by an atmosphere, 
which may be the surrounding air, free to circulate from the outside to the inside of the 
transformer enclosure. The dry coils may be conventional (with exposed, insulated 
conductors) or encapsulated (with the coils completely vacuum-cast in an epoxy resin). 


An alternative to the free circulation of outside air through the dry transformer is the sealed 
enclosure in which a gas or vapor is contained. In either case, this surrounding medium acts 
both as a heat-transfer medium and as an insulating medium. It is important, with both liquid 
and dry transformers, that the quality and function of the surrounding media be monitored to 
avoid damage to the core and coil structures. Systems to preserve or protect the medium 
within the transformer enclosure are presented briefly in 11.5. 


11.5 Preservation systems 
11.5.1 Dry preservation systems 


Dry preservation systems are used to ensure an adequate supply of clean ventilating air at an 
acceptable ambient temperature. Contamination of the insulating ducts within the trans- 
former can lead to reduced insulation strength and severe overheating. The protection method 
most commonly used in commercial applications consists of a temperature-indicating device 
with probes installed in the transformer winding ducts and contacts to signal dangerously 
high temperature by visual and audible alarm. Figure 11-1 illustrates this feature. 


The following types of dry systems are commonly used: 


— Open ventilated 
— Filtered ventilated 
— Totally enclosed, nonventilated 


— _ Sealed air- or gas-filled 
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Figure 11-1—Tamper-proof, fan-cooled, dry ventilated, outdoor transformer 
with microprocessor temperature-control system 


11.5.2 Liquid preservation systems 


Liquid preservation systems are used to preserve the amount of liquid and to prevent its con- 
tamination by the surrounding atmosphere that may introduce moisture and oxygen leading 
to reduced insulation strength and to sludge formation in cooling ducts. 


The importance of maintaining the purity of insulating oil becomes increasingly critical at 
higher voltages because of increased electrical stress on the insulating oil. 


The sealed tank system is now used almost to the total exclusion of other types in industrial 
and commercial applications. The following types of systems are commonly used: 


— Sealed tank 

—  Positive-pressure inert gas 
—  Gas-oil seal 

— Conservator tank 


Liquid preservation systems have historically been called oil-cooled systems, even though the 
medium was askarel or a substitute for askarel. 


11.5.2.1 Sealed tank 


The sealed-tank design is most commonly used and is standard on most substation 
transformers. As the name implies, the transformer tank is sealed to isolate it from the outside 
atmosphere. 
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A gas space equal to about one-tenth of the liquid volume is maintained above the liquid to 
allow for thermal expansion. This space may be purged of air and filled with nitrogen. 


A pressure-vacuum gauge and bleeder device may be furnished on the tank to allow the inter- 
nal pressure or vacuum to be monitored and any excessive static pressure buildup to be 
relieved to avoid damage to the enclosure and operation of the pressure-relief device. This 
system is the simplest and most maintenance-free of all of the preservation systems. 


11.5.2.2 Positive-pressure inert gas 


The positive-pressure inert gas design shown in Figure 11-2 is similar to the sealed-tank 
design with the addition of a gas (usually nitrogen) pressurizing the assembly. This assembly 
provides a slight positive pressure in the gas supply line to prevent air from entering the trans- 
former during operating mode or temperature changes. Transformers with primary windings 
rated 69 kV and above and rated 7500 kVA and above typically are equipped with this device. 


GAS TRANSFORMER 


TWO-STAGE SAMPLING GAS SPACE 


HIGH PRESSURE 
REGULATOR 


LOW PRESSURE 
REGULATOR 


SUMP 
DRAIN 


NITROGEN BOTTLE 


Figure 11-2—Positive-pressure inert-gas assembly, often used on sealed- 
tank transformers rated 7500 kVA and above and 69 kV and above primary 
voltage 


11.5.2.3 Gas-oil seal 


The gas-oil seal design incorporates a captive gas space that isolates a second auxiliary oil 
tank from the main transformer oil, as shown in Figure 11-3. The auxiliary oil tank is open to 
the atmosphere and provides room for thermal expansion of the main transformer oil volume. 


The main tank oil expands or contracts due to changes in its temperature causing the level of 
the oil in the auxiliary tank to rise or lower as the captive volume of gas is forced out of or 
allowed to reenter the main tank. The pressure of the auxiliary tank oil on the contained gas 
maintains a positive pressure in the gas space, preventing atmospheric vapors from entering 
the main tank. 
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Figure 11-3—Gas-oil seal system of oil preservation 


11.5.2.4 Conservator tank 


The conservator tank design shown in Figure 11-4 does not have a gas space above the oil in 
the main tank. It includes a second oil tank above the main tank cover with a gas space 
adequate to absorb the thermal expansion of the main tank oil volume. The second tank is 
connected to the main tank by an oil-filled tube or pipe. 


A large diameter stand pipe extends at an angle from the cover and is closed above the liquid 
level by a frangible diaphragm that ruptures for rapid gas evolution and thereby releases pres- 
sure to prevent damage to the enclosure. 


Because the conservator construction allows gradual liquid contamination, it has become 
obsolete in the United States. 


11.6 Protective devices for liquid preservation systems 
11.6.1 Liquid-level gauge 


The liquid-level gauge, shown in Figure 11-5 and Figure 11-6, is used to measure the level of 
insulating liquid within the tank with respect to a predetermined level, usually indicated at 
25 °C. An excessively low level could indicate the loss of insulating liquid. Such a loss could 
lead to internal flashovers and overheating if not corrected. Periodic observation is normally 
performed to check that the liquid level is within acceptable limits. Alarm contacts for low 
liquid level are normally available as a standard option. Alarm contacts should be specified 
for unattended stations to save transformers from loss-of-insulation failure. The alarm contact 
is set to close before an unsafe condition actually occurs. The alarm contacts should be 
connected through a communication link to an attended station. 
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vator tank collects air pollutants and delivers them 
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Figure 11-4—Conservator tank oil-preservation system 


Figure 11-5 —Liquid-level indicator depicting level of liquid with respect to a 
predetermined level, usually 25 °C 


11.6.2 Pressure-vacuum gauge 


The pressure-vacuum gauge in Figure 11-7 indicates the difference between the transformer’s 
internal gas pressure and atmospheric pressure. It is used on transformers with sealed-tank oil 
preservation systems. Both the pressure-vacuum gauge and the sealed-tank oil preservation 
system are standard on most small and medium power transformers. 
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Figure 11-6 —Liquid-level-indicating needle, driven by a magnetic coupling to 
the float mechanism 


Figure 11-7— Pressure vacuum gauge (which indicates internal gas pressure 
relative to atmospheric pressure) with bleeder valve (which allows pressure 
to be equalized manually) 


The pressure in the gas space is normally related to the thermal expansion of the insulating 
liquid and varies with load and ambient temperature changes. Large positive or negative 
pressures could indicate an abnormal condition, such as a gas leak, particularly if the 
transformer has been observed to remain within normal pressure limits for some time or if the 
pressure-vacuum gauge has remained at the zero mark for a long period. The pressure- 
vacuum gauge equipped with limit alarms may be used to detect excessive vacuum or 
positive pressure that could cause tank rupture or deformation. The need for pressure-limit 
alarms is less urgent when the transformer is equipped with a pressure relief device. 
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11.6.3 Pressure-vacuum bleeder valve 


A transformer is designed to operate over a range of 100°, generally from —30 °C to +70 °C. 
Should the temperature exceed these limits, the pressure-vacuum bleeder valve automatically 
adjusts to prevent any gauge pressure or vacuum in excess of 35 kPa. This valve also prevents 
operation of the pressure-relief device in response to slowly increasing pressure caused by 
severe overload heating or extreme ambient temperatures. Also incorporated in the pressure- 
vacuum bleeder valve is a hose burr and a manually operated valve to allow purging or check- 
ing for leaks by attaching the transformer to an external source of gas pressure. The pressure- 
vacuum bleeder valve is usually mounted with the pressure-vacuum gauge as shown in 
Figure 11-7. 


11.6.4 Pressure-relief device 


A pressure-relief device is a standard accessory on all liquid-insulated substation transform- 
ers, except on small oil-insulated secondary substation units, where it may be optional. This 
device, shown in Figure 11-8, can relieve both minor and serious internal pressures. When the 
internal pressure exceeds the tripping pressure (e.g., 70 kPa, +7 kPa gauge), the device snaps 
open allowing the excess gas or fluid to be released. Upon operation, a pin (standard), alarm 
contact (optional), or semaphore signal (optional) is actuated to indicate operation. The 
device normally resets automatically, is self-sealing, and requires little or no maintenance or 
adjustment. 


Figure 11-8 —Pressure-relief device, which limits internal pressure to prevent 
tank rupture under internal fault conditions 


This pressure-relief device is mounted on top of the transformer cover and usually has a 
visual indicator. The indicator should be reset manually in order to indicate subsequent oper- 
ation. When equipped with an alarm contact in conjunction with a self-sealing relay, this 
device can provide remote warning. Any operation of the pressure-relief device that was not 
preceded by high-temperature loading is indicative of possible trouble in the windings. 
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The major function of the pressure-relief device is to prevent rupture or damage to the trans- 
former tank due to excessive pressure in the tank. Excessive pressure is developed due to 
high-peak loading, long-time overloads, or internal arc-producing faults. 


11.6.5 Mechanical detection of faults 
Two methods of detecting transformer faults exist other than by electric measurements: 


a) Accumulation of gases due to slow decomposition of the transformer insulation or 
oil. These relays can also detect heating due to high-resistance joints or due to high 
eddy currents between laminations. 

b) Increases in tank oil or gas pressures caused by internal transformer faults. 


Relays that use these methods are valuable supplements to differential or other forms of 
relaying, particularly for grounding transformers and transformers with complicated circuits 
that are not well suited to differential relaying, such as certain regulating and phase-shifting 
transformers. These relays may be more sensitive for certain internal faults than relays that 
are dependent upon electrical quantities. Therefore, gas accumulator and oil and gas pressure 
relays can be valuable in minimizing transformer damage due to internal faults. 


11.6.5.1 Gas-accumulator relay 


A gas-accumulator relay, commonly known as the Buchholz relay, is applicable only to trans- 
formers equipped with conservator tanks and with no gas space inside the transformer tank. 
The relay is placed in the pipe from the main tank to the conservator tank and is designed to 
trap any gas that may rise through the oil. It operates for small faults by accumulating the gas 
over time or for large faults that force the oil through the relay at a high velocity. This device 
is able to detect a small volume of gas and accordingly can detect arcs of low energy. The 
accumulator portion of the relay is frequently used for alarming only. It may detect gas that is 
not the result of a fault, but rather evolved by the gassing of the oil during a sudden reduction 
of pressure. This relay may detect heating due to high-resistance joints or high eddy currents 
between laminations. 


11.6.5.2 Gas-detector relay 


The gas-detector relay shown in Figure 11-9 is a special device used to detect and indicate an 
accumulation of gas from a transformer with a conservator tank, either conventional or 
sealed. The relay often detects gas evolution from minor arcing before extensive damage 
occurs to the windings or core. This relay may detect heating due to high-resistance joints or 
high eddy current between laminations. These incipient winding faults and hot spots in the 
core normally generate small amounts of gas that are channeled to the top of the special 
domed cover. From there the bubbles enter the accumulation chamber of the relay through a 


pipe. 
Essentially, the gas detector relay is a magnetic liquid-level gage with a float operating in an 


oil-filled chamber. The relay is mounted on the transformer cover with a pipe connection 
from the highest point of the cover to the float chamber. A second pipe connection from the 
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Figure 11-9—Gas-detector relay, which accumulates gases from top air 
space of transformer (used only on conservator tank units) 


float chamber is carried to an eye level location on the tank wall. This connection is used for 
removing gas samples for analysis. The relay is equipped with a dial graduated in cubic cen- 
timeters and a snap action switch set to function to give an alarm when a specific amount of 
gas has been collected. Gas accumulation is indicated on the gauge in cubic centimeters. An 
accumulation of gas of 100 cm? to 200 cm?, for example, lowers a float and operates an alarm 
switch to indicate that an investigation is necessary. This gas can then be withdrawn for anal- 
ysis and recording. 


The rate of gas accumulation is a clue to the magnitude of the fault. If the chamber continues 
to fill quickly, with resultant operation of the relay, potential danger may justify removing the 
transformer from service. 


11.6.5.3 Static pressure relay 


The static pressure relay can be used on all types of oil-immersed transformers. They are 
mounted on the tank wall under oil and respond to the static or total pressure. These relays for 
the most part have been superseded by the sudden pressure relay, but many are in service on 
older transformers. However, due to their susceptibility to operate for temperature changes or 
external faults, the majority of the static pressure relays that are in service are connected for 
alarm only. 


11.6.5.4 Sudden pressure relays 


Sudden pressure relays are normally used to initiate isolation of the transformer from the 
electrical system and to limit damage to the unit when the transformer internal pressure 
abruptly rises. The abrupt pressure rise is due to the vaporization of the insulating liquid by 
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an internal fault, such as internal shorted turns, ground faults, or winding-to-winding faults. 
The bubble of gas formed in the insulating liquid creates a pressure wave that promptly acti- 
vates the relay. 


Because operation of this pressure-sensitive device is closely associated with actual faults in 
the windings, it is risky to re-energize a transformer that has been removed from service by 
the rapid pressure rise relay. The transformer should be taken out of service for thorough 
visual and diagnostic checks to determine the extent of damage. 


One type of relay, the sudden oil-pressure relay shown in Figure 11-10, uses the insulating 
liquid to transmit the pressure wave to the relay bellows. Inside the bellows, a special oil 
transmits the pressure wave to a piston that actuates a set of switch contacts. This type of 
relay is mounted on the transformer tank below oil level. (See 11.6.5.4.1.) 


SILICONE Ol =n 


Figure 11-10—Sudden oil-pressure-rise relay mounted on transformer tank 
below normal oil level 


Another type of relay, the sudden gas-pressure relay shown in Figure 11-11, uses the inert gas 
above the insulating liquid to transmit the pressure wave to the relay bellows. Expansion of 
the bellows actuates a set of switch contacts. This type of relay is mounted on the transformer 
tank above oil level. (See 11.6.5.4.2.) 


Both types of relays have a pressure-equalizing opening to prevent operation of the relay on 
gradual rises in internal pressure due to changes in loading or ambient conditions. 


Both types of sudden pressure relays are also sensitive to the rate of rise in the internal pres- 
sure. The time for the relay switch to operate is on the order of 4 cycles for high rates of pres- 
sure rise (e.g., 172 kPa/s of oil pressure rise; 34.5 kPa/s of air pressure rise). These relays are 
designed to be insensitive to mechanical shock and vibration, through faults, and magnetizing 
inrush current. 
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Figure 11-11—Sudden gas-pressure relay mounted on transformer tank 
above normal oil level 


The use of sudden pressure relays increases as the size and value of the transformer increases. 
Most transformers 5000 kVA and above are equipped with this type of device. This relay pro- 
vides valuable protection at low cost. 


11.6.5.4.1 Sudden oil-pressure relay 


The sudden oil-pressure relay is applicable to all oil-immersed transformers and is mounted 
on the transformer tank wall below the minimum liquid level. Transformer oil fills the lower 
chamber of the relay housing within which a spring backed bellows is located. The bellows is 
completely filled with silicone oil and additional silicone oil in the upper chamber is con- 
nected to the oil in the bellows by two small equalizer holes. 


A piston rests on the silicone oil in the bellows, but extends up into the upper chamber. It is 
separated from a switch by an air gap. Should an internal fault develop, the rapid rise in oil 
pressure or pressure pulse is transmitted to the silicone oil by the transformer oil and the 
bellows. This increased pressure then acts against the piston, which closes the air gap and 
operates the switch. 


For small rises in oil pressure due to changes in loading or ambient temperature, for example, 
the increased pressure is also transmitted to the silicone oil. However, instead of operating the 
piston, this pressure is gradually relieved by oil that escapes from the bellows into the upper 
chamber by the equalizer holes. The bellows then contract slightly. The pressure bias on the 
relay is thus relieved by this differential feature. Relay sensitivity and response to a fault is 
thus independent of transformer-operating pressure. 
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This relay has proven sufficiently free from false operations to be connected for tripping in 
most applications. It is important that the relay be mounted in strict accordance with the man- 
ufacturers’ specifications. A scheme providing a shunt path around the 63X auxiliary-relay 
coil is preferred to prevent its operation due to surges (see Figure 11-12). 
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Figure 11-12—Fault pressure relay schemes (a) Auxiliary relay at control 
panel (b) Auxiliary relay at transformer with manual reset 


11.6.5.4.2 Sudden gas-pressure relay 


The sudden gas-pressure relay is applicable to all gas-cushioned oil-immersed transformers 
and is mounted in the region of the gas space. It consists of a pressure-actuated switch, 
housed in a hermetically sealed case and isolated from the transformer gas space except for a 
pressure-equalizing orifice. 


The relay operates on the difference between the pressure in the gas space of the transformer 
and the pressure inside the relay. An equalizing orifice tends to equalize these two pressures 
for slow changes in pressure due to loading and ambient temperature change. However, a 
more rapid rise in pressure in the gas space of the transformer due to a fault results in 
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operation of the relay. High-energy arcs evolve a large quantity of gas, which operates the 
relay in a short time. The operating time is longer for low-energy arcs. 


This relay has proven sufficiently free from false operations to be connected for tripping in 
most applications. It is important that the relay be mounted in strict accordance with the man- 
ufacturer’s specifications. 


11.6.5.4.3 Sudden gas/oil-pressure relay 


A more recent design of the relays described in 11.6.5.4.1 and 11.6.5.4.2 is the sudden gas/ 
oil-pressure relay, which utilizes two chambers, two control bellows, and a single sensing 
bellows. All three bellows have a common interconnecting silicone-oil passage with an ori- 
fice, and an ambient-temperature-compensating assembly is inserted at the entrance to one of 
the two control bellows. 


An increase in transformer pressure causes a contraction of the sensing bellows, which forces 
a portion of the silicone oil from that bellows into the two control bellows and expands them. 
An orifice limits the flow of oil into one control bellows to a fixed rate, while there is essen- 
tially no restriction to flow into the second control bellows. The two control bellows expand 
at a uniform rate for gradual rate of rise in pressure; but during high rates of transformer pres- 
sure rise, the orifice causes a slower rate of expansion in one bellows relative to the other. The 
dissimilar expansion rate between the two control bellows causes a mechanical linkage to 
actuate the snap action switch, which initiates the proper tripping. 


11.6.5.5 Dissolved fault-gases detection device 


The dissolved fault-gases detection device can be used for continuous monitoring of 
hydrogen. The instrument shown in Figure 11-13 is a special device (developed in 1975) used 
to detect fault gases dissolved in transformer mineral oil and to continually monitor their 
evolution. Thermal and electrical stresses break the insulation materials down, and gases are 
generated. These gases dissolve in oil. The materials involved and the severity of the fault 
determine the gases produced. The rate of production of these gases is dependent on the 
temperature of the fault and is indicative of the magnitude of the fault. These faults are 
normally not detected until they develop into larger and more damaging ones. 


The transformer incipient fault monitor measures the dissolved fault gases that are 
characteristic of the breakdown of the solid and liquid insulation materials. Hydrogen and 
other combustible gases diffusing through a permeable membrane are oxidized on a platinum 
gas-permeable electrode; oxygen from the ambient air is electrochemically reduced on a 
second electrode. The ionic contact between the two electrodes is provided by a gelled high- 
concentration sulfuric acid electrolyte. The electric signal generated by this fuel cell is 
directly proportional to the total combustible gas concentration and is sent to a conditioning 
electric circuit. The resulting output signal is temperature compensated. 


This device is easily retrofitted on existing transformers in the field or installed on 
transformers at the time of manufacture or repair. The sensor is installed on a valve on the 
transformer, and the electronics control is mounted on the transformer or on an adjacent 
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Figure 11-13—Combustible gas relay, which periodically samples gas in 
transformer to detect any minor internal fault before it can develop into a 
serious fault 


structure. A digital display on the electronics control enclosure indicates the concentration of 
fault gases. Alarm levels are programmable and warn personnel when diagnostic or remedial 
actions are needed. The device can be connected to a data acquisition system to detect a 
deviation from a base and to monitor the rate of change. 


This type of device is used on critical transformers; it reduces unplanned outages, provides 
for more predictable and reliable maintenance, and creates a safer work environment. 


Gas-analysis equipment can be used to test the composition of gases in the transformers. By 
analyzing the percentage of unusual or decomposed gases in the transformer, a determination 
can be made about whether the transformer has a low-level fault and, if so, what type of fault 
had occurred. 


11.7 Thermal detection of abnormalities 
11.7.1 Causes of transformer overheating 
Transformers may overheat due to 


— High ambient temperature 

— Failure of cooling system 

— External fault not cleared promptly 
— Overload 


— Abnormal system conditions, such as low frequency, high voltage, nonsinusoidal 
load current, or phase-voltage unbalance 
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11.7.2 Undesirable results of overheating 
The consequences of overheating include the following: 


— Overheating shortens the life of the transformer insulation in proportion to the dura- 
tion of the high temperature and in proportion to the degree of the high temperature. 

— Severe overtemperature may result in an immediate insulation failure. 

— Severe overtemperature may cause the transformer coolant to heat above its flash 
temperature and result in fire. 


11.7.3 Liquid temperature indicator (top oil) 


The liquid temperature indicator shown in Figure 11-14 measures the temperature of the 
insulating liquid at the top of the transformer. Because the hottest liquid is less dense and 
rises to the top of the tank, the temperature of the liquid at the top partially reflects the tem- 
perature of the transformer windings and is related to the loading of the transformer. 


Figure 11-14—Liquid temperature indicator, the most common transformer 
temperature-sensing device 


The thermometer reading is related to transformer loading only insofar as that loading affects 
the liquid temperature rise above ambient. Transformer liquid has a much longer time con- 
stant than the winding itself and responds slowly to changes in loading losses that directly 
affect winding temperature. Thus, the thermometer’s temperature warning varies between too 
conservative or too pessimistic, depending on the rate and direction of the change in loading. 
A high reading could indicate an overload condition. 


The liquid temperature indicator is normally furnished as a standard accessory on power 
transformers. It is equipped with a temperature-indicating pointer and a drag pointer that 
shows the highest temperature reached since it was last reset. 


The liquid temperature indicator can be equipped with one to three adjustable contacts that 
operate at preset temperatures. The single contact can be used for alarm. When forced air 
cooling is employed, the first contact initiates the first stage of fans. The second contact either 
initiates a second stage of fans, if furnished, or an alarm. The third contact, if furnished, is 
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used for the final alarm or to initiate load reduction on the transformer. The indicated temper- 
atures would change for different temperature insulation system designs. 


Because the top-oil temperature may be considerably lower than the hot-spot temperature of 
the winding, especially shortly after a sudden load increase, the top-oil thermometer is not 
suitable for effective protection of the winding against overloads. However, where the policy 
toward transformer loss of life permits, tripping on top-oil temperature may be satisfactory. 
This approach has the added advantage of directly monitoring the oil temperature to ensure 
that it does not reach the flash temperature. 


Similar devices are available for responding to air or gas temperatures in dry transformers. 
For unattended substations, these devices may be connected to central annunciators. 


11.7.4 Thermal relays 


Thermal relays, diagrammatically shown in Figure 11-15, are used to give a more direct indi- 
cation of winding temperatures of either liquid or dry transformers. A CT is mounted on one 
of the three phases of the transformer bushing. It supplies current to the thermometer bulb 
heater coil, which contributes the proper heat to closely simulate the transformer hot-spot 
temperature. 


HEATING 
COIL 


CURRENT 


SHUNT Ld 
TRANSFORMER 


INDICATOR 


Figure 11-15— Thermal (or winding temperature) relay, which uses a heating 
element to duplicate effects of current in transformer 


Monitoring of more than one phase is desirable if a reason exists to expect an unbalance in 
the three-phase loading. 


The temperature indicator is a bourdon gauge connected through a capillary tube to the ther- 
mometer bulb. The fluid in the bulb expands or contracts proportionally to the temperature 
changes and is transmitted through the tube to the gauge. Coupled to the shaft of the gauge 
indicator are cams that operate individual switches at preset levels of indicated transformer 
temperature. 


Thermal relays are used more often on transformers rated 10 000 kVA and above than on 
smaller transformers. They can be used on all sizes of substation transformers. 
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11.7.5 Hot-spot temperature thermometers 


Hot-spot temperature equipment shown in Figure 11-16 is similar to the thermal relay 
equipment on a transformer because it indicates the hottest-spot temperature of the 
transformer. While the thermal relay works with fluid expansion and a bourdon gauge, the 
hot-spot temperature equipment works electrically using a Wheatstone bridge method. In 
other words, it measures the resistance of a resistance temperature detector (RTD) that is 
responsive to transformer temperature changes and increases with higher temperature. 
Because this device can be used with more than one detector coil location, temperatures of 
several locations within the transformer can be checked. The location of the hottest spot 
within a transformer is predictable from the design parameters. A common practice is to 
measure or to simulate this hot-spot temperature and to base control action accordingly. The 
desired control action depends on the users’ philosophy, on the amount of transformer life the 
user is willing to lose for the sake of maintaining service, and the priorities the user places on 
other aspects of the problem. Transformer top-oil temperature may be used, with or without 
hot-spot temperature, to establish the desired control action. 
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Figure 11-16—Hot-spot temperature indicator, which utilizes Wheatstone 
bridge method to determine transformer temperature 


A common method of simulating the hot-spot temperature is with a thermal relay responsive 
to both top-oil temperature and to the direct heating effect of load current. In these relays, the 
thermostatic element is immersed in the transformer top oil. An electric heating element is 
supplied with a current proportional to the winding current so that the responsive element 
tracks the temperature that the hot spot of the winding attains during operation. If this track- 
ing is exact, the relay would operate at the same time that the winding reaches the set 
temperature. Because insulation deterioration is also a function of the duration of the high 
temperature, additional means are generally used to delay tripping action for some period. 
One common method is to design the relay with a time constant longer than the time constant 
of the winding. Thus, the relay does not operate until some time after the set temperature has 
been attained by the winding. No standards have been established for this measuring tech- 
nique, nor is information generally available to make an accurate calculation of the complete 
performance of such a relay. These relays can have from one to three contacts that close at 
successively higher temperatures. With three contacts, the lowest level is commonly used to 
start fans or pumps for forced cooling, and the second level to initiate an alarm. The third step 
may be used for an additional alarm or to trip load breakers or to de-energize the transformer. 
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Another type of temperature relay is the replica relay. This relay measures the phase current 
in the transformer and applies this current to heater units inside the relay. Characteristics of 
these heaters approximate the thermal capability of the protected transformer. In the 
application of a replica relay, it is desirable to know the time constants of the iron, the 
coolant, and the winding. In addition, the relay should be installed in an ambient temperature 
approximately the same as the transformer’s ambient temperature and should not be ambient 
temperature compensated. 


11.7.6 Forced-air cooling 


Another means of protecting against overloads is to increase the transformer’s capacity by 
auxiliary cooling as shown in Figure 11-17. Forced-air-cooling equipment is used to increase 
the capacity of a transformer by 15% to 33% of base rating, depending upon transformer size 
and design. Refer to Chapter 8 of IEEE Std 141-1993.' Dual cooling by a second stage of 
forced-air fans or a forced-oil system gives a second increase in capacity applicable to three- 
phase transformers rated 12 000 kVA and above. 


Figure 11-17—Forced-air fans, normally controlled automatically from a top 
oil temperature or winding temperature relay 


Forced air cooling can be added later to increase the transformer’s capacity to take care of 
increased loads, provided that the transformer was ordered to have provisions for future fan 
cooling. 


Auxiliary cooling of the insulating liquid helps keep the temperature of the windings and 
other components below the design temperature limits. Usually, operation of the cooling 
equipment is automatically initiated by the top oil temperature indicator or the thermal relay, 
after a predetermined temperature is reached. 


‘Information on references can be found in 11.12. 
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11.7.7 Fuses or overcurrent relays 


Other forms of transformer protection, such as fuses or overcurrent relays, provide some 
degree of thermal protection to the transformer. Application of these is discussed in 11.9.1. 


11.7.8 Overexcitation protection 


Overexcitation may be of concern on direct-connected generator unit transformers. Excessive 
excitation current leads directly to overheating of core and unlaminated metal parts of a trans- 
former. Such overheating in turn causes damage to adjacent insulation and leads to ultimate 
failure. IEEE Std C57.12.00-2000 requires that transformers shall be capable of operating 
continuously at 10% above rated secondary voltage at no load without exceeding the limiting 
temperature rise. The requirement applies for any tap at rated frequency. 


Direct-connected generator transformers are subjected to a wide range of frequency during 
the acceleration and deceleration of the turbine. Under these conditions the ratio of the actual 
generator terminal voltage to the actual frequency shall not exceed 1.1 times the ratio of 
transformer rated voltage to the rated frequency on a sustained basis: 


generator terminal voltage Pane transformer rated voltage 
actual frequency ~ ~~“ transformer rated frequency 


Generator manufacturers now recommend an overexcitation protection system as part of the 
generator excitation system. This system may also be used to protect the transformer against 
overexcitation. These systems may alarm for an overexcitation condition; and, if the 
condition persists, they may decrease the generator excitation or trip the generator and field 
breakers, or both. The generator and transformer manufacturers should be asked to provide 
their recommendation for overexcitation protection. 


Overexcitation relays (i.e., V/Hz) may be used on transformers located either at or remote 
from generating stations. They are available with a definite time delay or an inverse-time 
overexcitation characteristic and may be connected for trip or alarm. 


11.7.9 Nonlinear loads 


Nonlinear electrical loads may cause severe overheating even when the transformer is 
operating below rated capacity. This overheating may cause failure of both the winding and 
the neutral conductor. Electronic equipment such as computers, printers, uninterruptible 
power supply (UPS) systems, variable-speed motor drives, and other rectified systems are 
nonlinear loads. Arc furnace and rectifier transformers also provide power to nonlinear loads. 
For nonlinear loads, the load current is not proportional to the instantaneous voltage. This 
situation creates harmonic distortion on the system. Even when the input voltage is 
sinusoidal, the nonlinear load makes the input voltage nonsinusoidal. Harmonics are integral 
multiples of the fundamental frequency. For a 60 Hz system, the second harmonic is 120 Hz, 
the third harmonic is 180 Hz, the fifth is 300 Hz, etc. When incoming ac is rectified to dc, the 
load current is switched on for part of a cycle. This switching produces harmonics that extend 
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into the radio frequency range. Nonlinear loads were formerly a small proportion of the total 
load and had little effect on system design and equipment, but this is no longer true. 


The nonlinear load causes transformer overheating in three ways: 


— Hysteresis. Hysteresis causes excessive heating in the steel laminations of the iron 
core due to the higher frequency harmonics. These harmonics produce greater 
magnetizing losses (or hysteresis) than normal 60 Hz losses because the magnetic 
reversals due to harmonics are more rapid than are the fundamental 60 Hz reversals. 


— Eddy currents. Heating is produced when the high-frequency harmonic magnetic 
fields induce currents to flow through the steel laminations. This event occurs when 
the high-frequency harmonic magnetic field cuts through the steel laminations. These 
currents (called eddy currents) flow through the resistance of the steel and generate 
PR heating losses. These losses are also greater than normal 60 Hz losses due to the 
higher frequencies. 


— __ Skin effect. Heating is also produced in the winding conductors due to skin effect. 
Skin effect causes the higher frequency harmonic currents to flow on the outer 
portion of the conductor and thus reduce the effective cross-sectional area of the 
conductor. This reaction causes an increase in resistance, which results in more 
conductor heating than for the same 60 Hz current. 


Overheating of neutral conductors from nonlinear loads is due to the following: 


—  Zero-sequence and odd-order harmonics. Zero-sequence and odd-order harmonics 
are additive in the neutral and can be as high as three times the 60 Hz magnitude. 
Odd-order harmonics are odd multiples of the fundamental (e.g., third, fifth, seventh, 
ninth, eleventh). Zero-sequence harmonics are all the odd multiples of the third har- 
monic (e.g., third, ninth, fifteenth). 


— __ Skin effect. Skin effect causes the higher frequency harmonic currents to flow on the 
outer portion of the conductor and thus reduce the effective cross-sectional area of 
the conductor. This reaction causes an increase in resistance, which results in more 
conductor heating than for the same 60 Hz current. 


Failures of transformers due to nonlinear loads can be prevented by derating the transformer. 
In some cases the neutral conductor may need to be larger (e.g., twice the size of the phase 
conductor rating) to prevent its failure. True root-mean-square (rms) meters, relays, and cir- 
cuit breaker tripping devices that can sense not needed harmonics should be selected. 


Transformers that have a K-factor rating can be used with nonlinear loads within their rating. 
The K factor is a numerical value that takes into account both the magnitude and the fre- 
quency of the components of a current waveform. It is equivalent to the sum of the squares of 
the harmonic current multiplied by the square of the harmonic order of the current. True rms 
current meters should be used to determine the per-unit value of each harmonic. 
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K factor = 7h? 


where 
I, is the per-unit rated rms load current at harmonic h, 
h is the harmonic order. 


The K-factor rating indicates the amount of harmonic content the transformer can handle 
while remaining within its operating temperature limits. 


11.8 Transformer primary protective device 


A fault on the electrical system at the point of connection to the transformer can arise from 
failure of the transformer (e.g., internal fault) or from an abnormal condition on the circuit 
connected to the transformer secondary, such as a short circuit (e.g., through fault). The 
predominant means of clearing such faults is a current-interrupting device on the primary 
side of the transformer, such as fuses, a circuit breaker, or a circuit switcher. Whatever the 
choice, the primary-side protective device should have an interrupting rating adequate for the 
maximum short-circuit current that can occur on the primary side of the transformer. If a 
circuit switcher is used, it should be relayed so that it is called upon only to clear lower 
current internal or secondary faults that are within its interrupting capability. Instantaneous 
relays used to protect transformer feeders and high-voltage windings are set greater than the 
maximum asymmetrical through-fault current on the transformer secondary. The operating 
current of the primary protective device should be less than the short-circuit current of the 
transformer as limited by the combination of system and transformer impedance. This 
recommendation is true for a fuse or a time-overcurrent relay. The point of operation should 
not be so low, however, to cause circuit interruption due to the inrush excitation current of the 
transformer or normal current transients in the secondary circuits. Of course, any devices 
operating to protect the transformer by detecting abnormal conditions within the transformer 
and removing it from the system also operate to protect the system; but these devices are 
subordinate to the primary protection of the transformer. 


11.9 Protecting the transformer from electrical disturbances 
Transformer failures arising from abusive operating conditions are caused by 

— Continuous overloading 

— __ Short circuits 

— Ground faults 

— __ Transient overvoltages 


11.9.1 Overload protection 


An overload causes a rise in the temperature of the various transformer components. If the 
final temperature is above the design temperature limit, deterioration of the insulation system 
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occurs and causes a reduction in the useful life of the transformer. The insulation may be 
weakened so that a moderate overvoltage may cause insulation breakdown before expiration 
of expected service life. Transformers have certain overload capabilities that vary with ambi- 
ent temperature, preloading, and overload duration. These capabilities are defined in 
ANSI C57.92-2000 and IEEE Std C57.96-1999. When the temperature rise of a winding is 
increased, the insulation deteriorates more rapidly, and the life expectancy of the transformer 
is shortened. 


Protection against overloads consists of both load limitation and overload detection. Loading 
on the transformers may be limited by designing a system where the transformer capacity is 
greater than the total connected load when a diversity in load usage is assumed. This method 
of providing overload protection is expensive because load growth and changes in operating 
procedures would quite often eliminate the extra capacity needed to achieve this protection. A 
good engineering practice is to size the transformer at about 125% of the present load to 
allow for system growth and change in the diversity of loads. The specification of a lower- 
than-ANSI temperature rise also permits an overload capability. 


Load limitation by disconnecting part of the load can be done automatically or manually. 
Automatic load shedding schemes, because of their cost, are restricted to larger units. How- 
ever, manual operation is often preferred because it gives greater flexibility in selecting the 
expendable loads. 


In some instances, load growth can be accommodated by specifying cooling fans or provid- 
ing for future fan cooling. 


The major method of load limitation that can be properly applied to a transformer is one that 
responds to transformer temperature. By monitoring the temperature of the transformer, 
overload conditions can be detected. A number of monitoring devices that mount on the 
transformer are available as standard or optional accessories. These devices are normally 
used for alarm or to initiate secondary protective device operation. They include the devices 
described in 11.9.1.1 and 11.9.1.2. 


11.9.1.1 Overcurrent relays 


Transformer overload protection may be provided by relays. Chapter 4 describes overcurrent 
relay construction characteristics and ranges. These relays are applied in conjunction with 
CTs and a circuit breaker or circuit switcher, sized for the maximum continuous and inter- 
rupting duty requirements of the application. A typical application is shown in Figure 11-18. 


Overcurrent relays are selected to provide a range of settings above the permitted overloads 
and instantaneous settings when possible within the transformer through-fault current with- 
stand rating. The characteristics should be selected to coordinate with upstream and down- 
stream protective devices. 


The settings of the overcurrent relays should meet the requirements of applicable standards 
and codes and meet the needs of the power system. The requirements in the National 
Electrical Code® (NEC®) (NFPA 70-1999) represent upper limits that should be met when 
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selecting overcurrent devices. These requirements, however, are not guidelines for the design 
of a system providing maximum protection for transformers. For example, setting a 
transformer primary or secondary overcurrent protective device at 2.5 times rated current 
could allow that transformer to be damaged without the protective device operating. 
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RESISTANCE GROUND 


Figure 11-18— Overcurrent relays, frequently used to provide transformer 
protection in combination with primary circuit breaker or circuit switcher 


11.9.1.2 Fuses, circuit breakers, and fused switches 


The best protection for the transformer is provided by circuit breakers or fuses on both the 
primary side and secondary side of the transformer when they are set or selected to operate at 
minimum values. Common practice is for the secondary-side circuit breaker or fuses to pro- 
tect the transformer for loading in excess of 125% of maximum rating. 


Using a circuit breaker on the primary of each transformer is expensive, especially for small- 
capacity and less expensive transformers. An economical compromise is where one circuit 
breaker is installed to feed two to six relatively small transformers. Each transformer has its 
own secondary circuit breaker and, in most cases, a primary disconnect. Overcurrent protec- 
tion should satisfy the requirements prescribed by the NEC. 


The major disadvantage of this system is that all of the transformers are de-energized by the 
opening of the primary circuit breaker. Moreover, the rating or setting of a primary circuit 
breaker selected to accommodate the total loading requirements of all of the transformers 
would typically be so large that only a small degree of secondary-fault protection, and almost 
no backup protection, would be provided for each individual transformer. 


By using fused switches on the primary of each transformer, short-circuit protection can be 
provided for the transformer and additional selectivity provided for the system. Using fused 
switches and time-delay dual-element fuses for the secondary of each transformer allows 
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close sizing (typically 125% of secondary full-load current) and gives excellent overload and 
short-circuit protection for 600 V or less applications. 


11.9.2 Short-circuit current protection 


In addition to thermal damage from prolonged overloads, transformers are also adversely 
affected by internal or external short-circuit conditions, which can result in internal electro- 
magnetic forces, temperature rise, and arc-energy release. 


Ground faults occurring in the substation transformer secondary or between the transformer 
secondary and main secondary protective device cannot be isolated by the main secondary 
protective device, which is located on the load side of the ground fault. These ground faults, 
when limited by a neutral grounding resistor, may not be seen by either the transformer pri- 
mary fuses or transformer differential relays. They can be isolated only by a primary circuit 
breaker or other protective device tripped by either a ground relay in the grounding resistor 
circuit or a ground differential relay. A ground differential relay may consist of a simple over- 
current relay, connected to a neutral ground CT and the residual circuit of the transformer line 
CTs fed through a ratio matching auxiliary CT. Because this scheme is subject to error on 
through faults due to unequal CT saturation, a relay with phase restraint coils may be used 
instead of a simple overcurrent relay. 


Secondary-side short circuits can subject the transformer to short-circuit current magnitudes 
limited only by the sum of transformer and supply-system impedance. Hence, transformers 
with unusually low impedance may experience extremely high short-circuit currents and 
incur mechanical damage. Prolonged flow of a short-circuit current of lesser magnitude can 
also inflict thermal damage. 


Protection of the transformer for both internal and external faults should be as rapid as 
possible to keep damage to a minimum. This protection, however, may be reduced by 
selective-coordination system design and operating procedure limitations. 


Several sensing devices are available that provide varying degrees of short-circuit protection. 
These devices sense two different aspects of a short circuit. The first group of devices senses 
the formation of gases consequent to a fault and are used to detect internal faults. The second 
group senses the magnitude or the direction of the short-circuit current, or both, directly. 


The gas-sensing devices include pressure-relief devices, rapid pressure rise relays, gas- 
detector relays, and combustible-gas relays. The current-sensing devices include fuses, 
overcurrent relays, differential relays, and network protectors. 


11.9.2.1 Gas-sensing devices 


Low-magnitude faults in the transformer cause gases to be formed by the decomposition of 
insulation exposed to high temperature at the fault. Detection of the presence of these gases 
can allow the transformer to be taken out of service before extensive damage occurs. In some 
cases, gas may be detected a long time before the unit fails. 
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High-magnitude fault currents are usually first sensed by other detectors, but the gas-sensing 
device responds with modest time delay. These devices are described in detail in 11.6. 


11.9.2.2 Current-sensing devices 


Fuses, overcurrent relays, and differential relays should be selected to provide the maximum 
degree of protection to the transformer. These protective devices should operate in response 
to a fault before the magnitude and duration of the overcurrent exceed the short-time loading 
limits recommended by the transformer manufacturer. In the absence of specific information 
applicable to an individual transformer, protective devices should be selected in accordance 
with applicable guidelines for the maximum permissible transformer short-time loading lim- 
its. Curves illustrating these limits for liquid-immersed transformers are discussed in 
11.9.2.2.1. In addition, ratings or settings of the protective devices should be selected in 
accordance with pertinent provisions of Chapter 4 of NEC Article 450. 


11.9.2.2.1 Transformer through-fault capability 


The following discussion is excerpted and paraphrased from Appendix A of ANSI C37.91- 
2000. Similar information and through-fault protection curves can be found in 
TEEE Std C57.109-1993. The following discussion is based on these two standards. 


Overcurrent protective devices such as fuses and relays have well-defined operating charac- 
teristics that relate fault-current magnitude to operating time. The characteristic curves for 
these devices should be coordinated with comparable curves, applicable to transformers, 
which reflect their through-fault withstand capability. Such curves for Category I, 
Category II, Category II, and Category IV liquid-immersed transformers (as described in 
IEEE Std C57.12.00-2000) are presented in this subclause as through-fault protection curves. 


The through-fault protection curve values are based on winding-current relationships for a 
three-phase secondary fault and may be used directly for delta-delta- and wye-wye-connected 
transformers. For delta-wye-connected transformers, the through-fault protection curve val- 
ues should be reduced to 58% of the values shown to provide appropriate protection for a 
secondary-side single phase-to-neutral fault. 


Damage to transformers from through faults is the result of thermal and mechanical effects. 
The latter have gained increased recognition as a major cause of transformer failure. 
Although the temperature rise associated with high-magnitude through faults is typically 
acceptable, the mechanical effects are intolerable if such faults are permitted to occur with 
any regularity. This possibility results from the cumulative nature of some of the mechanical 
effects, particularly insulation compression, insulation wear, and friction-induced displace- 
ment. The damage that occurs as a result of these cumulative effects is, therefore, a function 
of not only the magnitude and duration of through faults, but also the total number of such 
faults. 


The through-fault protection curves presented in IEEE Std C57.12.00-2000 take into consid- 


eration the fact that transformer damage is cumulative, and the number of through faults to 
which a transformer can be exposed is inherently different for different applications. For 
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example, transformers with secondary-side conductors enclosed in conduit or isolated in 
some other fashion, such as transformers typically found in industrial, commercial, and 
institutional power systems, experience an extremely low incidence of through faults. In con- 
trast, transformers with overhead secondary-side lines, such as transformers found in utility 
distribution substations, have a relatively high incidence of through faults. Also, the use of 
reclosers or automatic reclosing circuit breakers may subject the transformer to repeated cur- 
rent surges from each fault. Thus, for a given transformer in these two different applications, 
a different through-fault protection curve should apply, depending on the type of application. 
For applications in which faults occur infrequently, the through-fault protection curve should 
reflect primarily thermal damage considerations because cumulative mechanical-damage 
effects of through faults would not be a problem. For applications in which faults occur fre- 
quently, the through-fault protection curve reflects the fact that the transformer is subjected to 
both thermal and cumulative-mechanical damage effects of through faults. 


In using the through-fault protection curves to select the time-current characteristics (TCCs) 
of protective devices, the protection engineer should take into account not only the inherent 
level of through-fault incidence, but also the location of each protective device and its role in 
providing transformer protection. For substation transformers with secondary-side overhead 
lines, the secondary-side feeder protective equipment is the first line of defense against 
through faults; therefore, its TCCs should be selected by reference to the frequent-fault-inci- 
dence protection curve. More specifically, the TCCs of feeder protective devices should be 
below and to the left of the appropriate frequent-fault-incidence protection curve. Secondary- 
side main protective devices (if applicable) and primary-side protective devices typically 
operate to protect against through faults in the rare event of a fault between the transformer 
and the feeder protective devices, or in the equally rare event that a feeder protective device 
fails to operate or operates too slowly due to an incorrect (i.e., higher) rating or setting. The 
TCCs of these devices, therefore, should be selected by reference to the infrequent-fault-inci- 
dence protection curve. In addition, these TCCs should be selected to achieve the desired 
coordination among the various protective devices. 


In contrast, transformers with protected secondary conductors (e.g., cable, bus duct, switch- 
gear) experience an extremely low incidence of through faults. Hence the feeder protective 
devices may be selected by reference to the infrequent-fault-incidence protection curve. The 
secondary-side main protective device (if applicable) and the primary-side protective device 
should also be selected by reference to the infrequent-fault-incidence protection curve. 
Again, these TCCs should also be selected to achieve the desired coordination among the var- 
ious protective devices. 


For Category I transformers (i.e., 5-500 kVA single-phase, 15-500 kVA three-phase), a single 
through-fault protection curve applies (see Figure 11-19). This curve may be used for select- 
ing protective device TCCs for all applications, regardless of the anticipated level of fault 
incidence. 


For Category II transformers (i.e., 501-1667 kVA single-phase, 501-5000 kVA three-phase), 
and Category III transformers (i.e., 1668-10 000 kVA single-phase, 500-30 000 kVA three- 
phase), two through-fault protection curves apply (see Figure 11-20 and Figure 11-21, 
respectively). The left-hand curve in both figures reflects both thermal and mechanical 
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Figure 11-19—Through-fault protection curve for 
liquid-immersed Category I transformers 
(5-500 kVA single-phase, 15-500 kVA three-phase) 


damage considerations and may be used for selecting feeder protective device TCCs for 
frequent-fault-incidence applications. The right-hand curve in both figures reflects primarily 
thermal damage considerations and may be used for selecting feeder protective device TCCs 
for infrequent-fault-incidence applications. These curves may also be used for selecting 
secondary-side main protective device (if applicable) and primary-side protective device 
TCCs for all applications, regardless of the anticipated level of fault incidence. 


For Category IV transformers (i.e., above 10 000 kVA single-phase, above 30 000 kVA three- 
phase), a single through-fault protection curve applies (see Figure 11-22). This curve reflects 
both thermal and mechanical damage considerations and may be used for selecting protective 
device TCCs for all applications, regardless of the anticipated level of fault incidence. 
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Figure 11-20—Through-fault protection curves for 
liquid-immersed Category II transformers 
(501-1667 kVA single-phase, 501-5000 kVA three-phase) 


The aforementioned delineation of infrequent- versus frequent-fault-incidence applications 
for Category II and Category III transformers can be related to the zone or location of the 
fault (see Figure 11-23). 


Because overload protection is a function of the secondary-side protective device or devices, 
the primary-side protective device characteristic curve may cross the through-fault protection 
curve at lower current levels. (Refer to appropriate transformer loading guides, 
TEEE Std C57.91-1995 and ANSI C57.92-2000.) Efforts should be made to have the primary- 
side protective device characteristic curve intersect the through-fault protection curve at as 
low a current as possible in order to maximize the degree of backup protection for the sec- 
ondary-side devices. 
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Figure 11-21—Through-fault protection curves for 
liquid-immersed Category Ill transformers 
(1668-10 000 kVA single-phase, 5001-30 000 kVA three-phase) 
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11.9.2.2.2 Fuses 


Fuses utilized on the transformer primary are relatively simple and inexpensive one-time 
devices that provide short-circuit protection for the transformer. Fuses are normally applied 
in combination with interrupter switches capable of interrupting full-load current. By using 
fused switches on the primary where possible, short-circuit protection can be provided for the 
transformer, and a high degree of system selectivity can also be provided. 


Fuse selection considerations include having 
— An interrupting capacity equal to or higher than the system fault capacity at the point 


of application 


— A continuous-current capability above the maximum continuous load under various 
operating modes 
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Figure 11-22—Through-fault protection curve for 
liquid-immersed Category IV transformers 
(above 10 000 kVA single-phase, above 30 000 kVA three-phase) 


—  TCCs that pass, without fuse operation, the magnetizing and load-inrush currents that 


occur simultaneously following a momentary interruption, but interrupt before the 
transformer withstand point is reached 


Fuses so selected can provide protection for secondary faults between the transformer and the 
secondary-side overcurrent protective device and provide backup protection for the latter. 


The magnitude and duration of magnetizing inrush currents vary between different designs of 
transformers. Inrush currents of 8 or 12 times normal full-load current for 0.1 s are commonly 
used in coordination studies. 


Overload protection can be provided when fuses are used by utilizing a contact on the 
transformer temperature indicator to shed nonessential load or trip the transformer 
secondary-side overcurrent protective device. 
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Figure 11-23—Infrequent- and frequent-fault-incidence zones for 
liquid-immersed Category II and Category Ill transformers 


When the possibility of backfeed exists, the switch, the fuse access door, and the transformer 
secondary main overcurrent protective device should be interlocked to ensure the fuse is de- 
energized before being serviced. 


Relay-protected systems can provide low-level overcurrent protection. Relay protection sys- 
tems and fused interrupter switches can provide protection against single-phase operation 
when an appropriate open-phase detector is used to initiate opening of a circuit breaker or 
interrupter switch if an open-phase condition should occur. 


11.9.2.2.3 Overcurrent relay protection 


Overcurrent relays may be used to clear the transformer from the faulted bus or line before 
the transformer is damaged. On some small transformers, overcurrent relays may also protect 
for internal transformer faults. On larger transformers, overcurrent relays may be used to pro- 
vide backup for differential or pressure relays. 


Copyright © 2001 IEEE. All rights reserved. 425 


IEEE 
Std 242-2001 CHAPTER 11 


11.9.2.2.3.1 Time overcurrent relays 


Overcurrent relays applied on the primary side of a transformer provide protection for 
transformer faults in the winding, and provide backup protection for the transformer for 
secondary-side faults. They provide limited protection for internal transformer faults because 
sensitive settings and fast operation are usually not possible. Insensitive settings result 
because the pickup value of phase-overcurrent relays must be high enough to take advantage 
of the overload capabilities of the transformer and be capable of withstanding energizing 
inrush currents. Fast operation is not possible because they must coordinate with load-side 
protection. Settings of phase-overcurrent relays on transformers involve a compromise 
between the requirements of operation and protection. 


These settings may result in extensive damage to the transformer from an internal fault. If 
only overcurrent protection is applied to the high-voltage delta side of a delta-wye-grounded 
transformer, it can have a problem providing sensitive fault protection for the transformer. For 
low-voltage (wye-side) line-to-ground faults, the high-side line current is only 58% of the 
low-voltage per-unit fault current. When the wye is grounded through a resistor, the high-side 
fault current may be less than the maximum transformer load current. 


The time setting should coordinate with relays on downstream equipment. However, 
transformers are mechanically and thermally limited in their ability to withstand short-circuit 
current for finite periods. For proper backup protection, the relays should operate before the 
transformer is damaged by an external fault. (Refer to the transformer through-fault current 
duration limits.) 


When overcurrent relays are also applied on the secondary side of the transformer, these 
relays are the principal protection for transformer secondary-side faults. However, overcur- 
rent relays applied on the secondary side of the transformer do not provide protection for the 
transformer winding faults, unless the transformer is backfed. 


When setting transformer overcurrent relays, the short-time overload capability of the trans- 
former in question should not be violated. (See IEEE Std C57.91-1995 and 
ANSI C57.92-2000 for allowable short-time durations, which may be different from the 
durations in the through-fault current duration curves.) The manufacturer should be consulted 
for the capability of a specific transformer. 


11.9.2.2.3.2 Instantaneous overcurrent relays 


Phase instantaneous overcurrent relays provide short-circuit protection to the transformers in 
addition to overload protection. When used on the primary side, they usually coordinate with 
secondary protective devices. Fast clearing of severe internal faults can be obtained. The 
setting of an instantaneous relay is selected on its application with respect to secondary 
protective devices and circuit arrangements. Such relays are normally set to pick up at a value 
higher than the maximum asymmetrical through-fault current. This value is usually the fault 
current through the transformer for a low-side three-phase fault. The setting of instantaneous 
devices for short-circuit protection for three-circuit arrangements is described in Mathur 
[B21].” For instantaneous units subject to transient overreach, a pickup setting of 175% of the 
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calculated maximum low-side three-phase symmetrical fault current generally provides 
sufficient margin to avoid false tripping for a low-side bus fault, while still providing 
protection for severe internal faults. (Variations in pickup settings of 125% to 200% are 
common.) For instantaneous units with negligible transient overreach, a lesser margin can be 
used. The settings in either case shall also be above the transformer inrush current to prevent 
nuisance tripping. In some cases, instantaneous trip relays cannot be used because the 
necessary settings are greater than the available fault currents. In these cases, a harmonic 
restraint instantaneous relay may be considered to provide the desired protection. 


11.9.2.2.3.3 Tertiary winding overcurrent relays 


The tertiary winding of an autotransformer, or three-winding transformer, is usually of much 
smaller kilovoltampere rating than the main windings. Therefore, fuses or overcurrent relays 
set to protect the main windings offer almost no protection to such tertiaries. During external 
system ground faults, these tertiary windings may carry very heavy currents. 


The method selected for protecting the tertiary generally depends on whether the tertiary is 
used to carry load. If the tertiary does not carry load, protection can be provided by a single 
overcurrent relay connected to a CT on the tertiary winding. This relay senses system 
grounds and also phase faults in the tertiary or in its leads. 


If the tertiary is used to carry load, partial protection can be provided by a single overcurrent 
relay supplied by three CTs, one in each winding of the tertiary and connected in parallel to 
the relay. This connection provides zero-sequence protection, but does not protect for 
positive- and negative-sequence overload current. The relay operates for system ground 
faults, but does not operate for phase faults in the tertiary or its leads. This relay needs to be 
set to coordinate with other system relays. 


11.9.2.2.4 Differential relays 


11.9.2.2.4.1 Phase differential relays 


Differential relaying compares the sum of currents entering the protected zone to the sum of 
currents leaving the protected zone; these sums should be equal. If more than a certain 
amount or percentage of current enters than leaves the protected zone, a fault is indicated in 
the protected zone; and the relay operates to isolate the faulted zone. 


Transformer differential relays operate on a percentage ratio of input current to through cur- 
rent; this percentage is called the slope of the relay. A relay with 25% slope operates when the 
difference between the incoming and outgoing currents is greater than 25% of the through 
current and higher than the relay minimum pickup. 


The fault-detection sensitivity of differential relays is determined by a combination of relay 
setting and circuit parameters. For most high-speed transformer differential relays, the relay 


pickup is about 30% of the tap setting. Depending on the setting, sensitivity is about 25% to 


?Numbers in brackets correspond to the numbers in the bibliography in 11.13. 
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50% of full-load current. For delta-wye-connected transformers that supply low-resistance- 
grounded systems, phase differential relays should be supplemented with secondary ground 
differential relays (Device 87TG), as shown in Figure 11-24, to provide additional sensitivity 
to secondary ground faults. For more details on application of Device 87TG, refer to 
Chapter 8 on ground-fault protection. 


POWER CIRCUIT BREAKER 
87T PHASE DIFFERENTIAL RELAY 
87TG GROUND DIFFERENTIAL RELAY 
ie) OPERATING COIL 
R RESTRAINT COIL 
| INSTANTANEOUS COIL 


Figure 11-24—Transformer phase and ground differential relay CT and 
current coil connections 


The protection for a single-phase transformer is shown in Figure 11-25, although most trans- 
former differential relay applications would apply to three-phase transformers of 5 MVA and 
larger. 


In Figure 11-25, two restraining windings and one operating coil are shown. The CT ratios 
are selected to produce essentially equal secondary currents so that, under a no-fault condi- 
tion, the CT secondary current entering one restraining circuit continues through the other 
restraining circuit, with no differential current to pass through the operating circuit. Because 
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of ratio mismatches in CTs and relay tap settings, some current may always exist in the oper- 
ating circuit under a no-fault condition. 


When a fault is internal to the differential relay zone, definite quantities of current flow into 
the operating circuit. The relay then responds to this differential current based on the ratio of 
the operating current to the restraining currents. The relay operates to trip when this ratio 
exceeds the slope setting and is above the relay minimum sensitivity. (Ratio settings of 15%, 
25%, 30%, or 40% are usually available.) The three-phase connection shown in Figure 11-26 
illustrates a typical application for protection of a three-phase transformer. The transformer is 
connected wye-delta: this configuration is selected generally to provide an ungrounded sec- 
ondary connection while permitting the primary wye neutral to be grounded solidly. Other 
configurations would be reversed, and the grounded wye would be the secondary connection. 
The basic delta-wye or wye-delta connection produces a phase shift between current entering 
the primary and current leaving the secondary. For this reason, the CTs on the wye side have 
their secondaries connected in delta, and the CTs on the delta side have their secondaries con- 
nected in wye. 


52 
TRANSFORMER RESTRAINING 
COILS 
52 
OPERATING 
COIL 


Figure 11-25—Percentage differential relays, which provide 
increased sensitivity while minimizing false operation as a result of 
CT mismatch errors for heavy through faults 


Several considerations are involved in the application of differential relays: 


a) The system should be designed so that the relays can operate a transformer primary 
circuit breaker. If a remote circuit breaker is to be operated, a remote trip system 
should be used (e.g., a pilot wire, a high-speed grounding switch). Often the utility 
controls the remote circuit breaker and may not allow it to be tripped. Operation of a 
user-owned local primary circuit breaker presents no problem. 


b) CTs associated with each winding typically have different ratios, ratings, and excita- 
tion characteristics when subjected to heavy loads and short circuits. Multiratio CTs 
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Figure 11-26—Typical schematic connections for percentage differential 


c) 


d) 


e) 


g) 


430 


protection of a wye-delta transformer 


and relay taps may be selected to compensate for ratio differences. A less preferable 
but acceptable method is to use auxiliary transformers. 


Transformer taps can be operated changing the effective turns ratio. By selecting the 
ratio and taps for midrange, the maximum unbalance will be equivalent to half the 
transformer tap range. 


CTs of the same make and type are recommended to minimize error current due to 
the CT’s different characteristics. 


Magnetizing inrush current appears as an internal fault to the differential relays. The 
relays should be desensitized to the inrush current, but they should be sensitive to 
short circuits within the protection zone during the same period. This goal can be 
accomplished using relays with harmonic restraint. The magnetizing current inrush 
has a large harmonic component, which is not present in short-circuit currents. This 
feature permits harmonic-restraint relays to distinguish between faults and inrush. 


Transformer connections often introduce a phase shift between high- and low-voltage 
currents. Proper CT connections compensate for this shift. For a delta-primary, wye- 
secondary transformer, CTs are normally wye connected in the primary and delta 
connected in the secondary. 


Heavy currents for faults outside the zone of protection can cause an unbalance 
between the CTs. Percentage differential relays shown in Figure 11-25, which oper- 
ate when the difference is greater than a definite percentage of the phase current, are 
designed to overcome this problem. Percentage differential relays also help in solving 
the tap-changing problem and the CT ratio balance problem. Percentage slopes vary 
by manufacturer, but are generally available from 15% to 60%. A slope of 15% is 
normally used for standard transformers, 25% for load tap-changing transformers, 
and 40% to 60% for special applications. Guidelines are provided in 4.4.15.3 on 
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selecting the slope. Harmonic-restraint percentage differential relays are recom- 
mended for transformers rated 5000 kVA and above. 


Unlike the differential relays applied to protect high-voltage buses or large motors, 
the transformer differential relay application has both harmonics and phase shift to 
consider. Although all transformer differential relays do not include harmonic filters, 
the use of harmonic filters has been beneficial and faster acting, and they permit more 
sensitive pickups. 


h) A delta-wye, or wye-delta, transformer with the neutral grounded is a source (ie., 
generator) of zero-sequence (or ground) fault current. A ground fault on the wye side 
of the transformer, external to the differential protective zone, causes zero-sequence 
currents to flow in the CTs on the wye side of the transformer without corresponding 
current flow in the line CTs on the delta side of the transformer. If these zero- 
sequence currents are allowed to flow through the differential relays, they cause 
immediate undesired tripping. To prevent such undesired tripping, the CT connec- 
tions should cause the zero-sequence currents to flow in a closed-delta CT secondary 
connection of low impedance instead of in the differential relay operating coil. This 
goal is readily accomplished by connecting the CT secondary in delta on the wye side 
of the transformer. 


In addition to the phase shift, which is easily corrected, the magnitudes of the secondary 
currents rarely match each other when standard CT ratios are employed. To compensate for 
this tendency, most percentage differential relays have selectable auto transformer taps at the 
input of each restraining winding. By following the relay instructions, the best match can be 
made so that the current in the no-fault operating coil is minimized. In some cases where 
high-voltage switchyards are involved, the available relay adjustments on electromechanical 
relays are inadequate, due to the limited tap range available. Therefore, auxiliary CTs or 
autotransformers are needed. This configuration should be attempted only after a thorough 
examination of the effects of through faults and secondary burdens upon the primary CTs. 
Solid-state relays typically have a wide tap range with incremental selectivity that allows 
reduced mismatch to below 2%. This setup eliminates the need for auxiliary or 
autotransformers. 


Assuming that CT ratio and phase shift problems can be resolved, a transformer secondary 
may often be connected to more than one bus. In that event, a separate restraining winding is 
required for each such bus. Paralleling CT secondaries in place of multiple restraining 
windings can lead to misoperation on through faults if the secondary buses are strong fault- 
current sources. If they are only weak sources, then paralleled CT secondaries are acceptable. 


Harmonics in the primary circuit can develop during transformer energization, during 
overvoltage periods, and during through faults. The harmonics could cause differential relay 
misoperation if not recognized. For the most part, zero-sequence harmonics (e.g., third, 
ninth) are excluded from the relays by the CT secondary connection. 


The second harmonic and some relays with higher harmonics (e.g., fifth, seventh, eleventh, 
thirteenth) are filtered to restrain them. The filtered harmonics are applied to the restraining 
winding when the magnitude of the second harmonic exceeds 7.5% to 20% of the fundamen- 
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tal current. The lower percentage is beneficial during normal no-fault conditions because it 
provides larger restraining action, but the lower percentage setting makes the relay less sensi- 
tive on an internal fault. 


11.9.2.2.4.2 Ground differential relays 


Protection of the transformer by percentage differential relays improves the overall effective- 
ness in detecting phase-to-phase internal faults. However, line-to-ground faults in a wye 
winding may not be detected if the transformer is low-resistance-grounded where ground- 
fault current is limited to a low value below the differential relay pickup level. Such ground 
faults may evolve into to a destructive phase-to-phase fault. A protection scheme for low- 
resistance-grounded system is shown in Figure 11-24. Where the transformer is solidly 
grounded, the transformer differential relay operates for ground faults within the differential 
protective zone. 


Two methods can be easily adapted for protecting the wye winding more effectively. 
Figure 11-27 illustrates one approach that employs an overcurrent relay in a differential con- 
nection. The zero-sequence currents are shown for an external fault. Properly connected, the 
secondary current circulates for this external fault, but would be additive for an internal fault 
and cause Device 51G to operate. The method shown in Figure 11-27 is susceptible to 
through faults that may saturate the phase CTs and cause Device 51G to operate. For this rea- 
son CT selections are more demanding and Device 51G settings are less sensitive than would 
originally appear. 


TRANSFORMER 


PRIMARY 
WINDING 


SECONDARY 
WINDING 


NOTE— Zero-sequence current arrows are for an external ground fault for which the relay does not 
operate. 


Figure 11-27—Complete ground-fault protection for delta-wye transformer, 
using residual overcurrent and differentially connected ground relay 
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Utilizing a directional relay shown in Figure 11-28 can overcome problems associated with 
CT saturation on through faults. The currents shown are for an external fault, and the second- 
ary currents circulate as shown. However, upon an internal fault, the secondary currents are 
additive in the operating coil as shown in Figure 11-29. This directional relay has the addi- 
tional element that prevents misoperation and, in fact, permits a faster acting relay: a product 
relay that can operate in less than a cycle. Comparing this operating time to the seconds taken 
by a Device 51G relay makes the choice more definitive. 


TRANSFORMER 


PRIMARY WINDING & 4 


NOTE-Zero-sequence current arrows are for an external ground fault for which the relay does not 
operate. 


Figure 11-28—Directional relay for detection of ground faults in grounded 
wye-connected transformer 


In any ground-fault differential relay application, selection of CT ratios is important. The 
neutral CT ratio is generally smaller than the phase CT. In such cases, the auxiliary CT in the 
residual secondary can correct this mismatch. Some users select the auxiliary CT ratio so that 
slightly more restraining current flows during an external fault, as shown in Figure 11-30. In 
effect, this excess secondary current flows in the opposite direction in the operating winding 
and precludes false operation. 


Figure 11-29—Relay current during transformer internal faults 
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11.9.2.3 Network protectors 


The network protector is normally flange mounted directly on the network transformer low- 
voltage terminals. The network protector contains the following components: low-voltage air 
circuit breaker, controls for the air circuit breaker, and network relays. Network protectors 
trip for faults occurring on the primary side of the network transformer and/or when a power 
reversal occurs with power flowing from the secondary side of the network transformer to the 
primary side. The wattvar network master relay has superior operating characteristics over 
the standard watt network master relay. If a primary-side line-to-ground fault occurs and a 
single primary fuse operates without tripping the feeder breaker, the unfaulted phases may 
still supply power to the network. Under these conditions, the net three-phase power flow in 
the network protector is not in the reverse direction, and the standard watt master relay does 
not operate. The reactive flow (vars) in the network protector is in the reverse direction. The 
wattvar master relay properly connected to see this reverse reactive flow operates for this 
condition. 


=. In > 1.1 le 


Figure 11-30—Relay current during external fault when auxiliary CT ratio is 
selected to restrain 


11.9.3 Protection against overvoltages 


Transient overvoltages produced by lightning, switching surges, switching of power factor 
correction capacitors, and other system disturbances can cause transformer failures. High- 
voltage disturbances can be generated by certain types of loads and from the incoming line. A 
common misconception is that underground services are isolated from these disturbances. 
System insulation coordination in the use and location of primary and secondary surge arrest- 
ers is important. Normally, liquid-insulated transformers have higher basic impulse insulation 
level (BIL) ratings than standard ventilated dry and sealed dry transformers. Solid dielectric 
cast coil transformers have BILs equal to liquid-insulated transformers. Ventilated dry trans- 
formers and sealed dry transformers can be specified to have BILs equal to the BILs of liquid 
transformers. 


11.9.3.1 Surge arresters 


Ordinarily, if the liquid-insulated transformer is supplied by enclosed conductors from the 
secondaries of transformers with adequate primary surge protection, additional protection 
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may not be required, depending on the system design. However, if the transformer primary or 
secondary is connected to conductors that are exposed to lightning, the installation of surge 
arresters is necessary. For best protection, the surge arrester should be mounted as close as 
possible to the transformer terminals, preferably within 1 m and on the load side of the 
incoming switch. This location ensures that the lead inductance does not affect the impedance 
adversely and, therefore, affect the performance of the surge arrester and surge capacitor. If 
the surge arrester is built into the transformer, further engineering is required to determine 
whether additional surge protection is required on the secondary. 


The degree of surge protection obtained is determined by the amount of exposure, the size 
and importance of the transformer to the system, and the type and cost of the arresters. In 
descending order of cost and degree of protection, the types of arresters are station, interme- 
diate, and distribution. 


Ventilated dry and sealed dry transformers are normally used indoors, and surge protection is 
still necessary. Because all systems have the potential for transmitting and reflecting primary 
and secondary surges caused by lightning and system disturbances, special low-sparkover 
distribution arresters and low-voltage arresters have been developed for the protection of dry 
transformers and rotating machinery. 


The surge arrester selection (i.e., kV class) should be based on the system voltage and system 
conditions (i.e., grounded or ungrounded). The arrester kV class is not determined by the kV 
class of the primary winding of the transformer. 


11.9.3.2 Surge capacitors 


Additional protection in the form of surge capacitors located as closely as possible to the 
transformer terminals may also be appropriate for all types of transformers. The installation 
should be examined for excess capacitance already existing in the shielded conductors. 
Transformer windings can experience a nonuniform distribution of a fast-front surge in the 
winding, and this surge can overstress the turn insulation locally in parts of the windings. 
Surge capacitors serve a dual function of sloping off fast-rising transients that might impinge 
on the transformer winding and of reducing the effective surge impedance presented by the 
transformer to an incoming surge. This type of additional protection is appropriate against 
voltage transients generated within the system due to circuit conditions such as prestriking, 
restriking, high-frequency current interruption, multiple reignitions, voltage escalation, and 
current suppression (or chopping) as the result of switching, current-limiting fuse operation, 
thyristor-switching, or ferroresonance conditions. 


11.9.3.3 Ferroresonance 

Ferroresonance is a phenomenon resulting in the development of a higher than normal 
voltage in the windings of a transformer. These overvoltages may result in surge arrester 
operation, damage to the transformer, and electrical shock hazard. The following conditions 


combine to produce ferroresonance: 


a) No load on the transformer 
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b) An open circuit on one of the primary terminals of the transformer and, at the same 
time, an energized terminal. In the case of three-phase transformers, either one or two 
of the three primary terminals may be disconnected. 

c) The location of the point of disconnection if it is not close to the transformer 

d) A voltage potential between the disconnected terminal conductor and ground 


The resonant circuit may be traced from the energized terminal through the transformer 
primary to one of the disconnected terminals, then through the capacitance of the isolated 
terminal conductor insulation to ground, and then back through the supply system to the 
energized terminal (see Figure 11-31). Although more common with underground 
distribution systems, ferroresonance can occur with overhead lines when the single-phase 
open point is far enough from the transformer. The typical scenarios for ferroresonance 
involve single-phase remote switching of an unloaded transformer, remote primary fuse 
operation on one phase, or failure of all three poles of a three-pole device to properly open 
accompanied by disconnection of the secondary load. 
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Figure 11-31— One-line diagram showing current flow that may result in 
ferroresonance 


Ferroresonance may be minimized or eliminated by having load connected to the secondary 
when single-phase switching on the primary; by using gang-operated switches, circuit break- 
ers, Or circuit switchers on the primary; or by providing that current-interrupting devices are 
located next to or on the transformer. 


The subject of ferroresonance is complicated, and the literature on this subject should be 
reviewed by concerned persons to avoid ferroresonance in transformer operation or system 
design. 


11.10 Protection from the environment 


In addition to electrical protection, protection for the transformer against physical conditions 
in the environment that may affect reliable performance is also necessary. Although most of 
these conditions are obvious, they are important enough to be listed. Undesirable conditions 
include 
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a) Average ambient temperatures above 30 °C when the transformer is loaded at rated 
kilovoltampere or more 


b) Corrosive agents, abrasive particulate matter, and surface contaminants derived from 
the surrounding atmosphere 


c) Conditions that can lead to moisture penetration or to condensation on windings and 
other internal electrical components 


d) Submersion in water or mud 


e) Obstruction to proper ventilation of liquid transformer radiators or, in the case of dry 
transformers, ventilating openings 


f) Exposure to damage from collision by vehicles 
g) Excessive vibration 
h) Exposure to vandalism 


11.11 Conclusion 


Protection of today’s larger and more expensive transformers can be achieved by the proper 
selection and application of protective devices. Published application guides covering 
transformers are readily available, for example, ANSI C37.91-2000. The system design 
engineer should rely heavily on sound engineering judgment to achieve an adequate 
protection system. 


11.12 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ANSI C37.91-2000, ANSI Guide for Protective Relay Applications to Power Transformers. 


ANSI C57.92-2000, ANSI Guide for Loading Mineral-Oil-Immersed Power Transformers 
Up to and Including 100 MVA with 55 °C or 65 °C Winding Rise i 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (EEE Red Book).4 


TEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable Industrial and 
Commercial Power Systems (IEEE Gold Book). 


TEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Dis- 
tribution, Power, and Regulating Transformers. 


3 ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA. (http://www.ansi.org) 


4TEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 
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TEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Power 
Transformers. 


TEEE Std C57.96-1999, IEEE Guide for Loading Dry-Type Distribution and Power 
Transformers. 


IEEE Std C57.109-1993, IEEE Guide for Liquid-Immersed Transformer Through-Fault- 
Current Duration. 


NFPA 70-1999, National Electrical Code® (NEC®) > 
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Chapter 12 
Generator protection 


12.1 Introduction 


Industrial and commercial power systems may include generators as a local source of energy. 
These generators supply all or part of the total energy required, or they provide emergency 
power if the normal source of energy fails. The application of generators can be classified as 
single-isolated generators, multiple-isolated generators, unit-connected generators, cogenera- 
tion generators, and induction generators. 


Generator protection requires the consideration of many abnormal conditions that are not 
present with other system elements. The abnormal conditions that may occur with generators 
include 


— Overheating 
— _ Stator (due to overload or loss of cooling) 
— Rotor (due to overexcitation, loss of cooling) 
— Winding faults 
— Stator (phase and ground faults) 
— Rotor (ground faults and shorted turns) 
—  Overspeed and underspeed 
—  Overvoltage 
— Loss of excitation 
— Motoring 
— Unbalanced current operation 
— Out of step 
—  Subsynchronous oscillations 
— Inadvertent energization 
—  Nonsynchronized connection 


Where the equipment is unattended, it should be provided with automatic stator and rotor 
protection against all harmful conditions. In installations where an attendant is present, use of 
alarms on some abnormal conditions may be preferable to removing the generator from ser- 
vice. Generator protective schemes vary depending on the objectives to be achieved. 


12.2 Classification of generator applications 

12.2.1 Single-isolated generators 

Single-isolated generators are used to supply emergency power or for standby service and are 
normally shut down. They are operated for brief periods when the normal source fails or 


during maintenance, testing, and inspection. They are connected to the system load through 
an automatic transfer switch or through interlocked circuit breakers and are not operated in 
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parallel with other system power sources. They are driven by diesel engines or gas turbines 
with ratings from less than 100 kW up to a few megawatts. Generation is usually at utilization 
voltage level, typically 480 V or 480Y/277 V, but with larger machines the voltage may be 
2.4kV or 4.16 kV. These generators are designed to start, operate during a power failure, and 
to shut down when normal power is restored through automatic controls. 


12.2.2 Multiple-isolated generators 


A multiple-isolated generator application consists of several units operating in parallel 
without connection to any electric utility supply system. Examples of these installations are 
total energy systems for commercial and industrial projects, offshore platforms for drilling 
and production of energy sources, and other remote sites requiring continuous electric energy. 
The size of the individual generators may range from a few hundred kilowatts up to several 
megawatts depending on the system demand. The prime movers are typically gas turbines 
and oil-, gas-, or diesel-fueled engines. These systems are normally operated manually, but 
load-sensing controls and automatic synchronizing relays can be used. The rated voltage of 
these generators is usually at the utilization voltage or the highest distribution voltage level, 
or both, such as 4.16 kV or 13.8 kV. 


Figure 12-1 shows a typical installation where generators are connected directly to a 
distribution system. If the system is effectively grounded (Xp/X, <3, Ro/X, < 1), the generator 
neutral (or the neutral of the bus-grounding transformer if the generator neutral is isolated) is 
grounded with a neutral inductive reactance. If the system is not effectively grounded, as for 
some three-wire distribution systems, the generator neutral or grounding-transformer neutral 
is generally grounded through a low-ohmic-value resistor. 


Figure 12-1— Generators connected directly to a distribution system 


12.2.3 Large industrial generators 


Large industrial generators are bulk power-producing units that operate in parallel with an 
electric utility supply system. All generated power is normally utilized by the industrial user. 
These units are used where a demand exists for low-pressure process steam, such as in petro- 
chemical installations and in pulp and paper plants. The generator size may range from 
10 000 kVA to 50 000 kVA. Operation is continuous at or near rated load, but may vary sea- 
sonally. The prime movers are usually steam or gas turbines depending on the process 
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requirements, fuel availability, and system economics. Generation is usually at the highest 
voltage level, typically 12.47 kV or 13.8 kV, of the industrial plant systems. The majority of 
these machines are operated by attendants. 


Figure 12-2 illustrates how to connect two or more generators to a system using one step-up 
transformer. Two or more generators are bussed at generator voltage and a two-winding 
grounded wye-delta unit transformer is used to connect the machines to the system. These 
approaches may be used with thermal, hydro, or combustion-turbine generators. 
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Figure 12-2— Generators sharing a transformer 


Low-resistance grounding of the generators would be used in order to achieve selective 
ground-fault protection for the machines. In some instances, the generators may be high- 
resistance-grounded through a distribution transformer in order to minimize destructive 
iron-burning damage due to phase-to-ground faults. High-resistance grounding for multiple 
machines has the disadvantage that it does not provide sufficient current for selective 
relaying. To overcome this problem, a combination of zero-sequence voltage and directional 
ground-fault protection would need to be provided. 


12.2.3.1 Unit generator-transformer configuration 


In a unit generator-transformer configuration, a generator and its transformer (or unit 
transformer) are connected as a unit to the system as shown in Figure 12-3. The generator is 
usually wye-connected and high-resistance-grounded through a distribution transformer. The 
unit transformer is most commonly a grounded wye-delta connection. 


The unit auxiliary transformers may be either two-winding or three-winding transformers, 
depending upon the size of the generator unit. In most instances, each unit auxiliary trans- 
former is connected delta-wye with the neutral of the wye connected to ground through some 
impedance. 


12.2.3.2 Cogeneration generators 
Cogeneration is the simultaneous production of several forms of energy. Usually cogenera- 
tion involves the production of electric power and process steam within the plant. The Public 


Utilities Regulatory Act of 1978 (PURA) empowered the Federal Energy Regulatory Com- 
mission (FERC) to provide rules requiring electric utilities to buy power from or to sell power 
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Figure 12-3—Unit generator-transformer configuration 
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to cogeneration operators. When the generated power exceeds the plant demand, the excess 
power flows out to the electric utility. Historically, power only flowed into the industrial 
plant. This power flow in either direction significantly impacts the electrical protection at the 
intertie between the utility and the industrial, but has only minor significance for the genera- 
tor protection. 


12.2.4 Induction generators 


An induction generator is physically the same machine as an induction motor. The induction 
generator is operated slightly above synchronous speed rather than below as for an induction 
motor. It takes its excitation from the power system. Induction generators are subject to 
overspeed conditions on load rejection. The three-phase fault contribution from an induction 
generator duration is short compared to a synchronous generator. Additional electrical 
protection functions may be required in the interconnection (i.e., over and under voltage). 


12.3 Short-circuit performance 
12.3.1 General considerations 


The proper application of several generator protective devices requires the knowledge of the 
short-circuit performance of the generator. The magnitude of generator fault current is a func- 
tion of the armature and field characteristics, time, and the loading conditions immediately 
preceding the fault. The ability of the generator to sustain an output current during a fault is 
determined by the characteristics of the excitation system. 


12.3.2 Excitation systems 
Some excitation systems do not have the ability to sustain the short-circuit current. The mag- 
nitude of fault current is determined only by the subtransient and transient reactance, decays 


as determined by their respective time constants, and can be essentially zero in 1.0s to 1.5s. 
An example of a system with these characteristics is the static exciter generator, which 
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obtains all of its excitation energy from the generator terminal voltage. The excitation sys- 
tems of round (or cylindrical) rotor generators, typically two-pole machines above 10 MVA, 
have the capability to support a sustained three-phase fault current corresponding to the cur- 
rent limited by transient reactance for a period of several seconds. These machines may have 
a brushless excitation system, although some units may be equipped with a static exciter 
using slip rings to obtain its excitation energy from both generator potential transformers and 
current transformers (CTs). 


Salient-pole machines that range in size from a few kilowatts up to the round rotor machine 
sizes are typically capable of supporting a fault current at 300% of generator full-load cur- 
rent. Such units typically have a brushless exciter where the exciter delivers three-phase ac to 
rotating rectifiers that are connected directly to the field. Excitation energy to the exciter field 
is supplied to maintain the maximum fault-current magnitude. 


Four basic types of excitation systems are used to control the output of ac machines: 


— The de generator-commutator exciter 

— The alternator-rectifier exciter with stationary rectifier system 
— The alternator-rectifier exciter with rotating rectifier system 
— __ The static excitation system 


In terms of response times, excitation systems fall into two categories: rotating and static. 
Rotating exciters respond at a slower rate than static exciters. The speed of response of the 
excitation system is commonly expressed in terms of the response ratio, which indicates the 
speed of response during 0.5 s after a sudden 20% reduction in generator terminal voltage. 
Rotating exciters have response ratios in the range of 0.5 to 1.0 per-unit exciter V/s. Static 
exciters have response ratios in the range of 2.5 to 3.5 per-unit exciter V/s. The detailed 
effects of the excitation system response ratio on the fault current characteristics is well-doc- 
umented in the references [B11]. While a detailed description of these systems is beyond the 
scope of this chapter, their general characteristics will be briefly described in 12.3.2.1 
through 12.3.2.4. 


12.3.2.1 System with dc generator-commutator exciter 


Figure 12-4 shows a schematic of the primary elements of a system with a dc generator- 
commutator exciter. 


NOTE—Not shown on this diagram nor in Figure 12-5 through Figure 12-7 are the power supplies 
(e.g., pilot exciters, the current, potential intelligence inputs to the excitation control) because 
essentially they are functionally the same for all systems. 


In a system with a de generator-commutator exciter, a dc control signal is fed from the excita- 
tion control to the stationary field of the dc exciter. The rotating element of the exciter then 
supplies a dc through a field breaker to the field winding of the main ac generator. The rotat- 
ing armature of the dc exciter is either driven from the same shaft as the rotating main field of 
the generator or can be on a separate motor-driven shaft. In either case, a dc commutator is 
required on the exciter, and brushes and collector rings are required on the rotating generator 
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Figure 12-4— System with dc generator-commutator exciter 


field to transmit the main generator field current. This system is used only on smaller or older 
machines. 


12.3.2.2 System with alternator-rectifier exciter and stationary rectifiers 


To eliminate the problems of high-current commutation for medium and large machines, the 
dc exciter is replaced by an alternator. The system of Figure 12-5 uses an alternator with a 
rotating dc field winding driven from the shaft of the main ac generator. Current for this field 
winding is obtained from the excitation controls through brushes and collector rings. The 
three-phase ac output of the alternator is rectified through a stationary three-phase diode 
bridge, and the dc output is fed to the field winding of the generator through brushes and 
collector rings. 


ROTATING 
EXCITER ELEMENTS 
COLLECTOR fee oe <7 


pocsn4 roccs4 
I I RECTIFIER | 3 
| | | 

| AC I I 

I 

| 

i] 


! | | 
I | \ EXCIT a i 3 | 
| | | 
i i} i 
per ge eee | / ae 
MAIN GENERATOR 
COLLECTOR 
EXCITATION 
CONTROLS 


Figure 12-5—System with alternator-rectifier exciter and stationary exciter 


12.3.2.3 System with alternator-rectifier exciter and rotating rectifiers 
(brushless exciters) 


The system of Figure 12-6 again uses an alternator; but, by mounting the dc field winding on 
the stator of the exciter and the ac armature winding on the rotor, all brushes and 
commutators have been eliminated. In this system, the ac armature of the exciter, the rotating 
three-phase diode bridge rectifier, and the main field of the ac generator are all mounted on 
the same rotating shaft system. All electrical connections are made along or through the 
center of this shaft. 
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Figure 12-6—System with alternator-rectifier exciter and rotating rectifiers 
(brushless exciters) 


12.3.2.4 System with static exciter 


The schemes in 12.3.2.1 through 12.3.2.3 utilize the energy directly from the prime-mover 
shaft to obtain the required excitation power. Static excitation systems obtain this power from 
the electrical output of the generator or the connected system. In Figure 12-7, external power 
CTs or power voltage transformers (VTs), or both, feed rectifiers in the regulating system 
which, in turn, supply dc to the main field winding of the generator through brushes and 
collector rings. 
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Figure 12-7—System with static exciter 


Some systems use only potential transformers as input power, while some use additional CTs 
to boost the input during fault conditions when the terminal voltage is reduced. During close- 
in faults, excitation systems using only potential transformers as input power may be unable 
to sustain fault currents long enough for the protective relaying to operate [B11]. 


Copyright © 2001 IEEE. All rights reserved. 447 


IEEE 
Std 242-2001 CHAPTER 12 


12.3.3 Generator decrement characteristics 


The current output of a generator with a fault at or near its terminals consists of two 
components, both of which have a time variable rate of decay, depending on machine 
constants. The two components are the symmetrical ac current i,, and the unidirectional 
offset current ig. The ac component decays with time according to the pattern shown in 
Figure 12-8. The sudden drop, 1-2, is a function of the subtransient values of machine 
internal voltage, reactance, and short-circuit time constant. The more gradual drop toward 
steady state, 2-4, is a function of the transient values of machine internal voltage, reactance, 
and short-circuit time constant. The dc offset current, 1-3, is a function of the subtransient 
reactance and the armature short-circuit time constant. The steady-state component, 4, and 
beyond is a function of the generator synchronous reactance and field current. The maximum 
symmetrical current that a generator can deliver on a bolted three-phase fault is determined 
by the subtransient reactance X,”. This reactance ranges from a minimum of 9% for a two- 
pole round rotor machine to 32% for a low-speed salient-pole hydrogenerator. Thus, the 
initial symmetrical fault current (i.e., 1-5 cycles) can be as great as 11 times the generator 
full-load current. In the intermediate period (i.e., 5-200 cycles), the transient reactance X,/ 
determines the magnitude of the ac component. The synchronous reactance, which may vary 
from a value of 120% to 240%, determines the sustained value of the ac component of the 
fault current. The sustained fault current, assuming no initial load and no change in the 
voltage regulator setting, can be as low as 42% of the generator full-load current. Because the 
no-load fixed field current results in the longest relay operating times, the stuck regulator 
condition should be considered as the criteria for the relay settings. Regulator response 
normally occurs, however, and produces sustained fault currents at much higher levels. The 
generator decrement curves can be calculated from the procedure in 12.3.3.1 through 
12.3.3.4. The initial loading condition, initial terminal voltage, and the field forcing 
capability can all be included in these calculations. 


12.3.3.1 Total ac component of armature current 


The total ac component of armature current consists of the steady-state value i, and two com- 
ponents that decay at a rate according to their respective time constants. 


T, -t/T 


-/T ,” ‘ a : 
Us = (ig” — ig’ )E ; + (iy’ —ige tly 


a) Subtransient component of the ac armature current, i;”: 


” 


-» _ @ 
ly = Xx” pu 

d 
e” = e,+X/"sin® pu 


When machine is at no-load, e” = ey. 
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Figure 12-8—Typical generator decrement curve 


b) Transient component of the ac armature current, i;”: 


ee 
d ~~ ? 
Xq 


, 


e’ = e, + X_'sin® pu 
Again, at no-load, e’ = e;. 


c) Steady-state component i. The steady-state component is the current finally attained 
and is a function of the field current: 


mt 


Tr is the actual prefault amperes at the initial loading conditions, either no-load or full-load; 
or, when regulator action is taken into consideration, it is the field amperes with maximum 
excitation voltage applied. 
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12.3.3.2 DC component of armature current 


The dc component of armature current is controlled by the subtransient reactance and the 
armature time constant: 


‘ -t/T 
OIE A 


12.3.3.3 Total root-mean-square (rms) current 


The total rms current is the sum of the two components as follows: 


ligt = A as + a 
12.3.3.4 Variables 


The terms used in the expressions in 12.3.3.1 through 12.3.3.3 are defined as follows and are 
normally obtained from the generator manufacturer: 


X, _ is subtransient reactance, saturated value, 
X, is transient reactance, saturated value, 


X, ‘is synchronous reactance, 


er is machine terminal voltage (per unit), 
e” is machine internal voltage behind X,”, 
e” is machine internal voltage behind X,/, 


T; is subtransient short-circuit time constant (s), 
Tj _ is transient short-circuit time constant (s), 

T, is armature short-circuit time constant (s), 

I Fe is field current at no-load rated voltage (V), 
Ir is field current at given load condition, 

0 is load power factor angle. 


12.3.3.5 Example calculation 


The following data were obtained from the generator manufacturer for a round (or 
cylindrical) rotor machine. Decrement curves, shown in Figure 12-9, are plotted for 


a) Constant excitation at no initial load 


b) Field current at 3 per unit of no-load value 
c) Total current trace of Item b), which includes the de component 
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The machine characteristics are 


kVA = 19 500 xq” = 10.7% Trg =1pu Ty” = 0.015 s 
PF=0.8 xq’ = 15.4% Ip =3 pu Tj = 0.417 s 
voltage = 12.47 kV Xq = 154% T, =0.189 s 


rated amperes = 903 
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Figure 12-9— Generator decrement curve for a 19 000 kVA generator 


12.4 Generator grounding 


A common practice is to ground all types of generators through some form of external imped- 
ance. The purpose of this grounding is to limit the mechanical stresses and fault damage in 
the machine, to limit transient voltages during faults, and to provide a means for detecting 
ground faults within the machine. A complete discussion of all grounding and ground protec- 
tion methods can be found in IEEE Std C37.101-1993! and IEEE Std C62.92-1989. 


'Information on references can be found in 12.6. 
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The following methods, most commonly used for industrial generator grounding, are dis- 
cussed in this chapter: 


—  High-resistance grounding 

—  Low-resistance grounding 

— _ Reactance grounding 

—  Grounding-transformer grounding 


Solid grounding of a generator neutral is not generally used because this practice can result in 
high mechanical stresses and excessive fault damage in the machine. According to ANSI 
C50.13-1989, the maximum stresses that a generator is normally designed to withstand are 
associated with the currents of a three-phase fault at the machine terminals. Because of the 
relatively low zero-sequence impedance inherent in most synchronous generators, a solid 
phase-to-ground fault at the machine terminals produces winding currents that are higher 
than currents for a three-phase fault. Therefore, to comply with ANSI C50.13-1989, genera- 
tors should be grounded so that the maximum phase-to-ground fault current is limited to a 
magnitude equal to, or less than, the three-phase fault current. 


Generators are not often operated ungrounded. While this approach greatly limits the phase- 
to-ground fault currents and consequently limits damage to the machine, it can produce high 
transient overvoltages during faults and also makes it difficult to locate the fault. 


12.4.1 High-resistance grounding 


In high-resistance grounding, a distribution transformer is connected between the generator 
neutral and ground, and a resistor is connected across the secondary. The primary voltage 
rating of the distribution transformer is usually equal to or greater than rated generator line- 
to-neutral voltage, while the secondary winding rating is 120 V or 240 V. The secondary 
resistor is selected so that, for a single phase-to-ground fault at the generator terminals, the 
power dissipated in the resistor is equal to or greater than three times the zero-sequence 
capacitive kilovoltampere to ground of the generator windings and of all other equipment that 
may be connected to the machine terminals. The calculation for sizing the resistor R utilizes 
the phase-to-ground capacitance X,, in the generator, bus, cable, transformers, and surge 
device. The resistor is sized to be 


R< co 
3 


Because the resistor is in parallel with the distributed capacitance, the total zero-sequence 
current is greater than the capacitive charging current. With this resistor rating, the transient 
overvoltages during faults are kept to safe values. For a single phase-to-ground fault at the 
machine terminals, the primary fault current is limited to a value in the range of about 3 A to 
25 A. If possible, the ground-fault current level should be chosen to coordinate with the pri- 
mary fuses (when used) of wye-wye-connected VTs with grounded neutrals. Distribution 
transformers with internal fuses or circuit breakers should not be used. They could inadvert- 
ently be open, and the grounding and protection scheme could be inoperative at the time of 
fault. 
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In some cases, the distribution transformer is omitted, and a high value of resistance is con- 
nected directly between the generator neutral and ground. The resistor size is selected to limit 
ground-fault current to the range of 5 A to 10 A. While this method of grounding is used in 
Europe, the physical size of the resistors, the required resistor insulation level, and the cost 
may preclude the use of this method. 


High-resistance grounding does not provide sufficient current for selective ground 
relaying of several machines connected to a common bus. Consequently, it is generally used 
with unit-system installations where a single generator is connected through its individual 
primary grounded wye/secondary delta step-up transformer (or transformers) to the system. 


In a few cases, this type of grounding has been used when two or more generators are con- 
nected to one step-up transformer. However, with such a system, coordinating ground-fault 
protection is difficult, and shutting down all machines may be required to isolate a fault. 


12.4.2 Low-resistance grounding 


In low-resistance grounding, a resistor is connected directly between the generator neutral 
and ground. The resistor is selected to provide sufficient current for selective ground relaying 
of several machines or feeders, or both. In general, the grounding resistor is selected to limit 
the generator’s contribution to a single phase-to-ground fault at the generator’s terminals to a 
value in the range of 200 A to 400 A. Resistor cost and size usually preclude the use of resis- 
tors to limit the current below 200 A or to permit currents above machine-rated current. 


Low-resistance grounding is generally used where two or more generators are bussed at 
generator voltage and connected to a system through one step-up transformer or where the 
generator is connected directly to a distribution system having a low-impedance-grounding 
source on the generator bus. The disadvantage of this method is that these values of ground- 
fault current may cause serious generator stator iron damage. 


12.4.3 Reactance grounding 


Reactance grounding uses an inductive reactance between the generator neutral and ground. 
The inductive reactance is selected to produce an Xo/X, ratio at the machine terminals in the 
range of | to 10. A common practice is to maintain an effectively grounded system by keep- 
ing the X0/X, ratio at 3 or less. This method of grounding produces relatively high levels of 
phase-to-ground fault currents ranging from approximately 25% to 100% of the three-phase 
fault current. 


Reactance grounding is generally used where the generator is connected directly to a solidly 
grounded distribution system. 


12.4.4 Grounding-transformer grounding 
Grounding-transformer grounding involves the use of a grounding transformer connected to 


the machine terminals or to the generator bus. The grounding may be provided by a zigzag 
transformer, by a grounded wye-delta transformer, or by a grounded wye-broken-delta 
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transformer with a resistor connected across a corner of the broken delta. When a zigzag or a 
grounded wye-delta transformer is used, the effective grounding impedance is selected to 
provide sufficient current for selective ground relaying. 


The grounded wye-broken-delta transformer with a resistance in the corner of the broken 
delta is generally a high-resistance-grounded system. The resistance would be selected in the 
same manner as for the distribution transformer with secondary resistor. This method limits 
the single phase-to-ground fault current to a range of 3 primary A to 25 primary A. 


A zigzag or grounded wye-delta transformer may be used as an alternate grounding source 
when a generator with neutral reactor grounding is connected directly to a distribution 
system. This approach can also be used where several ungrounded wye- or delta-connected 
generators are bussed at generator voltage. 


A grounded wye-broken-delta transformer with a resistor across the corner of the broken 
delta may be used to provide a means for detecting ground faults in ungrounded wye- or 
delta-connected generators. 


12.5 Protective devices 
12.5.1 Generator stator thermal protection 


Thermal protection for the generator stator core and windings may be provided for the fol- 
lowing contingencies: 


— Generator overload 

— Failure of cooling systems 

— Localized hot spots caused by core lamination insulation failures or by localized or 
rapidly developing winding failures 


These phenomena are long term and not readily detected by other protective devices. In 
attended stations, the generator is rarely tripped on overtemperature. Instead, it is set to alarm 
and allows the operator to take the appropriate steps to reduce the generator temperature. In 
unattended stations, the generator may be tripped. 


Resistance temperature detectors (RTDs) embedded in the generator stator windings are used 
to sense the actual winding temperature. Typically, six RTDs, two per phase, are installed and 
a selector switch provided to connect the thermal relay to the RTD indicating the highest 
operating temperature. Precaution should be taken to ensure that the resistance of the RTD 
matches the input resistance of the relay. 


12.5.1.1 Generator overload 
The continuous-output capability of a generator is expressed in kilovoltamperes available at 


the terminal at a specified frequency, voltage, and power factor. For hydrogen-cooled genera- 
tors, the output rating is usually given at the maximum and several lesser hydrogen pressures. 
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For combustion-turbine generators, this capability is given at an inlet air temperature of 
15 °C at sea level. In general, generators can operate successfully at rated kilovoltamperes, 
frequency, and power factor for a voltage variation of 5% above or below rated voltage. 


Under emergency conditions, it is permissible to exceed the continuous output capability for 
a short time. In accordance with ANSI C50.13-1989, the armature winding short-time ther- 
mal capability is given by the following: 


Time (s) 


Armature current (%) 


where 100% current is the rated current of the machine at maximum hydrogen pressure. 
12.5.1.1.1 Winding-temperature protection 


Most generators are supplied with a number of temperature sensors to monitor the stator 
windings. These sensors are usually RTDs and thermocouples. As the name implies, the RTD 
detects temperature by the change in resistance of the sensor. A thermocouple detects temper- 
ature by the change in thermoelectric voltage induced at the thermocouple junction. These 
sensors are used to continuously monitor the stator winding. In attended generating stations, 
the sensors may be connected to a data acquisition system to record or alarm. In unattended 
stations, the sensors may be used with a relay to alarm, to initiate corrective action, or to trip 
the unit if preset temperatures limits are exceeded. For generators with conventional (or indi- 
rectly cooled) stator windings, RTDs embedded between the top and bottom bars are used to 
monitor winding temperatures. For generators with inner-cooled (or directly cooled) stator 
windings, the stator bar coolant discharge temperature is used along with the embedded 
RTDs to monitor the winding temperature. The generator manufacturer should be consulted 
for specific recommendations on the preferred method of monitoring these sensors and tem- 
perature limits to alarm and trip. 


12.5.1.1.2 Overload protection 


In some instances, generator overload protection can be provided through the use of a torque- 
controlled overcurrent relay that is coordinated with the ANSI C50.13-1989 short-time 
capability curve. This relay consists of an instantaneous overcurrent unit and a time- 
overcurrent unit having an extremely inverse characteristic. The instantaneous unit is set to 
pick up at 115% of full-load current and is used to torque control the time-overcurrent unit. 
The instantaneous unit dropout should be 95% or higher of pickup setting. The time- 
overcurrent unit is set to pick up at 75% to 100% of full-load current, and a time setting is 
chosen so that the relay operating time is 7 s at 226% of full-load current. With this approach, 
the relay is prevented from tripping for overloads below 115% of full-load current and yet 
provides tripping in a prescribed time for overloads above 115% of full-load current. An 
overload alarm may be desirable to give the operator an opportunity to reduce load in an 
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orderly manner. This device should not give nuisance alarms for external faults and should 
coordinate with the generator overload protection if this protection is provided. 


For air-cooled generators that may operate in a wide range of ambient temperatures, it is 
necessary to coordinate the ANSI C50.13-1989 thermal capability and the relay setting with 
the increased capability of the turbine and the generator at reduced ambient temperature. 
Conversely, it may be difficult to protect the generator for its reduced capability when the 
ambient temperature is high. 


12.5.1.2 Failure of cooling systems 


Depending upon rating and design, the generator stator core and windings may be cooled by 
air, oil, hydrogen, or water. In directly cooled (or conductor-cooled) generators, the coolant is 
in direct contact with the heat-producing conductors of the stator winding. In indirectly 
cooled generators, the coolant cools the generator by relying on heat transfer through the 
insulation. For any type of generator, a failure of the cooling system can result in rapid 
deterioration of the stator core lamination insulation and/or stator winding conductors and 
insulation. 


In general, the generator manufacturer provides all of the necessary protection for the cooling 
system. This protection is in the form of sensors, such as RTDs, thermocouples, and flow and 
pressure sensors. These devices are used to monitor the winding temperatures or the coolant 
temperature, flow, or pressure. They may be connected to alarm, to automatically reduce load 
to safe levels, or to trip. 


For a particular machine, the generator manufacturer should be consulted to ascertain the 
temperature limits, the protection provided, and the recommended operating procedures for a 
loss of coolant. 


12.5.1.3 Core hot spots 


Localized hot spots in the stator core can be produced by lamination insulation failure caused 
by misoperation (e.g., excessive leading power factor operation, overfluxing), by vibration 
due to looseness (e.g., wear of insulation, fatigue of laminations), by foreign objects left in 
the machine, by damage to the core during installation or maintenance, or by objects that are 
normally a part of the machine (e.g., a nut, a wedge), but become detached from their normal 
position and move to the core. 


The hot spots are the result of high eddy currents, produced from core flux, that find conduct- 
ing paths across the insulation between laminations. In some designs, stator laminations are 
electrically shorted together on the outer diameter of the core where it attaches to the stator 
frame. Any contact between laminations on the inner bore results in a circuit for eddy cur- 
rents. The shorting of laminations can cause melting of core steel that can be costly to repair. 


The only means for detecting hot spots in air-cooled generators is through the use of RTDs 
and/or thermocouples imbedded in strategic locations. Because covering the entire core and 
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windings with these detectors is not possible or practical, this approach can provide only par- 
tial detection of hot spots. 


12.5.2 Field thermal protection 
Thermal protection for the generator field may be divided into two categories: 


— Protection for the main field winding circuit 
— Protection for the main rotor body, wedges, retaining ring, and amortisseur winding 


12.5.2.1 Field winding protection 


The field winding can operate continuously at a current equal to or less than the current 
required to produce rated kilovoltamperes at rated power factor and voltage. For power fac- 
tors less than rated, the generator output should be reduced to keep the field current within 
these limits. The capability curves as defined in IEEE Std 67-1990 are determined on this 
basis. 


Under abnormal conditions, such as short circuits and other system disturbances, it is 
permissible to exceed these limits for a short time as specified in ANSI C50.13-1989. In 
ANSI C50.13-1989, the field winding short-time thermal capability is given in terms of 
permissible field voltage as a function of time as noted below: 


Time (s) 


Field voltage (%) 


Protection schemes can utilize this characteristic to prevent thermal damage to the field 
winding circuit. 


Because putting temperature sensors directly in the field windings is not practical, only indi- 
rect monitoring of the field winding temperature is normally possible. For excitation systems 
employing main field collector rings, the average temperature of the field winding can be 
approximated by calculating the field resistance using simultaneous field current and voltage 
readings. This resistance, in conjunction with the known cold resistance, is a measure of the 
operating temperature. This method, described in IEEE Std 67-1990, gives only an indication 
of the average temperature throughout the field winding and not the more important hot-spot 
temperature. This method is not applicable with brushless excitation systems where the 
actual main field current and voltage are not available for measurement. 


12.5.2.2 Field overexcitation protection 
Overexcitation protection for the field winding is generally provided utilizing the generator 


field short-time capability characteristic. Several different schemes are available using relays 
or excitation system control elements, or both. 
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12.5.2.2.1 Fixed time-delay relaying scheme 


The fixed time-delay relay scheme is the simplest form of field protection, and it utilizes a 
contact-making milliammeter or voltmeter connected either in the main field circuit or in the 
field of the ac exciter. This device is set to pick up when the field current exceeds its rated 
full-load value. When an overexcitation condition occurs, the device picks up and performs 
the following functions: 


a) Sounds an alarm. 


b) Adjusts field excitation to a preselected value corresponding to rated full-load level 
or less. 


c) After a fixed time delay, trips the generator regulator or transfers to an alternate 
control. 


d) If overexcitation is not eliminated after some additional short time interval, trips the 
unit. 


This scheme protects the field for overexcitation conditions during system disturbances and 
for the rare occurrence of a faulty excitation system component. While simple in form, this 
scheme has the disadvantage that it overprotects the machine because the fixed time-delay 
relay must be set for the maximum possible overexcitation condition that can occur. In other 
words, for less severe overexcitation conditions, tripping occurs at shorter times than 
required. Therefore, full advantage of the inverse-time thermal capability of the field winding 
characteristic cannot be obtained. 


12.5.2.2.2 Inverse time-delay relay scheme 


The inverse time-delay relay scheme utilizes a voltage relay whose characteristic 
approximately matches the inverse-time characteristic of generator field. This relay may be 
connected at the terminals of an ac exciter alternator, in the main generator field, or in the 
field of the ac exciter. When connected to a field circuit, a transducer is used to convert the dc 
signal to an ac quantity. The relay is normally set so that a margin of 5% to 10% exists 
between the relay characteristic and the field capability curve. 


This relay, in conjunction with one or more timers, performs the same functions as the 
scheme in 12.5.2.2.1. For an overexcitation condition, the device performs the following 
functions: 


a) Sounds an alarm. 


b) Adjusts the field excitation to a preselected value corresponding to rated full-load 
level or less. 


c) After some delay, trips the generator regulator or transfers to an alternate control. 
d) ‘If overexcitation is not eliminated, trips the unit. 


This scheme provides protection for overexcitation conditions and for possible excitation 
system failures. 
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12.5.2.2.3 Voltage regulator system 


Modern excitation systems usually incorporate the field protective functions and the regulat- 
ing function. These systems may have built-in circuitry that duplicates the fixed-time and/or 
the inverse-time relaying function. When an overexcitation condition occurs and field current 
exceeds a safe value for a specified period, these protective functions reduce field current to 
the full-load value or to some other predetermined level. On some excitation systems, if the 
overexcitation condition persists after an attempt to reduce field current is made, the protec- 
tive function trips the regulator or transfers to an alternate exciter after a short period. If this 
step does not eliminate the problem, the generator may be tripped. In this type of excitation 
system, the protective function is separate from the excitation function and, therefore, can 
provide protection when failures occur in the regulating systems or when the regulator is not 
in the control circuit. 


If the protective function is part of the regulating system, the protection would be eliminated 
when the regulator is tripped or is out of service. For this type of system, supplementary or 
backup relay protection as described in the preceding can be provided. 


12.5.2.3 Rotor body 


No simple methods exist for direct thermal protection of the rotor. Various indirect methods 
are used either to approximate rotor temperatures or to act directly on the quantities that 
would lead to excessive rotor temperatures. Protection schemes for the rotor are, therefore, 
directed at the potential causes of thermal distress. For example, negative-sequence currents 
in the stator, loss of excitation, loss of synchronism, induction motoring, or inadvertent ener- 
gization can cause excessive rotor temperatures due to circulating currents in various paths of 
the rotor body. 


12.5.3 Generator stator fault protection 
12.5.3.1 General consideration 


Generator faults are always considered to be serious because they can cause severe and costly 
damage to insulation, windings, and the core. They can also produce severe mechanical tor- 
sional shock to shafts and couplings. Moreover, fault currents in a generator do not cease to 
flow when the generator is tripped from the system and the field disconnected. Fault current 
can continue to flow for many seconds because of trapped flux within the machine and 
thereby increase the amount of fault damage. 


As a consequence, for faults in or near the generator that produce high magnitudes of short- 
circuit currents, some form of high-speed protection is normally used to trip and shut down 
the machine as quickly as possible in order to minimize damage. Where external impedances 
are used to limit fault currents to a few amperes, slower forms of protection may be justified. 
In certain cases, it may be justified to consider the use of rapid de-excitation methods, which 
produce a faster decay of fault currents. 
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12.5.3.2 Phase-fault protection 


Some form of high-speed differential relaying is generally used for phase-fault protection of 
generator stator windings. Differential relaying detects three-phase faults, phase-to-phase 
faults, double phase-to-ground faults, and some single phase-to-ground faults depending 
upon how the generator is grounded. Because the fault current is proportional to the voltage 
at the point of the fault, the closer to the neutral of the generator winding, the less the voltage 
and resultant fault current. Therefore, some forms of differential protection can only detect 
faults to within 5% to 10% of the generator neutral. For faults within the 5% to 10% of the 
neutral winding end, other forms of protection should be used as discussed in 12.5.3.2.1 
through 12.5.3.2.3 and illustrated in Figure 12-16. 


Differential relaying does not detect turn-to-turn faults in the same phase because no differ- 
ence exists in the current entering and leaving the phase winding. Where applicable, separate 
turn fault protection can be provided with the split-phase relaying scheme. After the detection 
of these faults, the generator is quickly removed from service to limit the extent of damage. 
For a further discussion on the basic principles of differential protection, see Chapter 4 on 
protective relays. 


Percentage differential relays connected, as shown in Figure 12-10, are normally used for 
protection of larger generators. Fixed-percentage differential relays have constant slope 
characteristics of 10% to 50%, depending on manufacturer, for all fault-current values. 
Variable-percentage differential relays make the scheme more tolerant of CT mismatch and 
reduce the relay’s sensitivity to external faults. Induction disk, induction cup, or static relays 
are commercially available for use in percentage differential protection schemes. The 
operating time of standard speed induction disk relays is a minimum of 6 cycles, and high- 
speed induction cup or static relays operate in 1.2 cycles to 1.5 cycles. 


Normally, when a percentage differential scheme is used, the CTs should be located so that 
they include the generator breaker within the protective zone. This configuration gives 
maximum protection to the circuit breaker and bus duct or cable connecting the generator to 
the power system. 


12.5.3.2.1 Variable slope percentage differential relay 


The variable slope percentage differential relay is the most widely used form of differential 
relaying for generator protection. In this type of relay, the percentage slope characteristic can 
vary from about 5% at low values of through current up to 50% or more at high values of 
through current as illustrated in Figure 12-11. This characteristic results in a relay that is 
sensitive to internal faults and insensitive to CT error currents during severe external faults. 


CTs should have a primary current rating equal to or larger than the generator rated current, 
preferably at least 150%; and they should also have closely matched performance 
characteristics to prevent false operation on faults outside the differential protection zone. It 
is preferable to avoid connecting other relays or devices in these current circuits. 


460 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
GENERATOR PROTECTION Std 242-2001 


] GROUNDING 
RESISTOR 


TO MAIN BUS 
Figure 12-10—Generator percentage differential relay (phase scheme) and 
ground differential scheme using a directional relay 
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Figure 12-11 —Variable slope differential relay 
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Figure 12-12 illustrates the differential connections for a six-bushing machine having single- 
turn coils and one or more circuits per phase. This machine is the most widely used 
configuration. 
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Figure 12-12—Percentage differential relay connection for six-bushing 
wye-connected generator 


Figure 12-13 shows the typical differential relaying arrangement used for a delta-connected 
generator. 


12.5.3.2.2 Self-balancing differential scheme 


The self-balancing differential scheme has been used for phase and ground faults on small 
generators with low-resistance neutral grounding. This scheme is illustrated in Figure 12-14. 
As shown, leads from both ends of the phase winding are placed in the opening of a window 
CT. Any difference between the currents entering and leaving the winding is detected by an 
instantaneous overcurrent relay. Where applicable, this scheme is capable of providing 
sensitive phase- and ground-fault protection. 


Because these CTs see a difference current that is typically zero under normal system 
conditions, they commonly are not rated for load currents. Low-ratio CTs are typically used 
in this application for greater sensitivity. These low-ratio CTs usually have a lower ANSI CT 
accuracy designation, which results in a greater tendency to saturate than the load-rated CTs. 
These CTs may saturate even on low-level faults, and sensitivity may be lost. For this reason, 
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Figure 12-13—Percentage differential relay connection for 
delta-connected generator 
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Figure 12-14—Self-balancing protection scheme 


care should be taken when selecting relays for use in this application. Furthermore, when 
exposed to high fault levels, the CT core may become saturated to the extent that the CT 
cannot produce the necessary secondary current to operate the relay. Because both ends of the 
generator windings must be passed through the opening in the CT, this scheme is normally 
employed only on generators where the flexibility of the conductors permits this connection. 
CTs are usually mounted in the generator terminal box. Thus generator cables are excluded 
from the protective zone of the scheme. Because the relays are also insensitive to the 
generator-load current, the instantaneous overcurrent relay may be set at pickup levels as 
sensitive as 5 primary A to 10 primary A. 
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12.5.3.2.3 Differential backup protection 


The type and sophistication of backup protection provided is dependent to some degree upon 
the size of the generator and on the method of connecting the generator to the system. 


When a generator is connected to the system in the unit generator-transformer configuration, 
high-speed phase-fault backup protection can be obtained by extending the protective zone of 
the unit transformer differential relay scheme to include the generator, the interconnecting 
leads, and the unit auxiliary transformer. This backup is often referred to as the overall 
differential scheme and is illustrated in Figure 12-15. 
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Figure 12-15— Overall differential scheme of generator phase-fault backup 
protection 


In this arrangement, the CTs in the unit auxiliary transformer circuit should be high-ratio CTs 
in order to balance the differential circuit. The required ratio may be obtained with a single- 
bushing CT or with a combination of bushing and auxiliary CTs as shown in Figure 12-15. 


In some cases, the unit auxiliary transformer may be excluded from the overall differential 
scheme as indicated by the alternate connection. This approach may introduce a blind spot in 
the protection for the unit auxiliary transformer. For faults near the high side of this trans- 
former, the available fault current may be 150 to 200 times the rating of the CTs used in the 
differential scheme for the unit auxiliary transformer. This high current level would drive the 
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CTs into saturation and result in little or no current output to the differential relays. This blind 
spot is eliminated by connecting the overall differential scheme to the low side of the unit 
auxiliary transformer. The overall scheme detects the severe faults, while the unit auxiliary 
differential detects the low-level faults. 


Where generators are bussed at generator voltage as shown in Figure 12-1 and Figure 12-2, 
the overall differential scheme is not applicable. Furthermore, a duplicate differential scheme 
is rarely used to provide phase-fault backup protection. In these configurations, a common 
practice is to use the unbalanced current protection (or negative-sequence current relay) and 
system backup protection to provide backup for all generator phase faults. This protection is 
discussed in detail in 12.5.5.9. This backup relaying is generally less sensitive than differen- 
tial relaying and has time delay associated with it. Backup protection is provided by distance 
relay (Device 21) or by voltage-restrained or -controlled time-overcurrent relay 
(Device 51V). 


12.5.3.2.4 Tripping 


A common practice is to have the primary and backup protection energize separate hand- 
reset, multicontact auxiliary relays. These auxiliary relays simultaneously initiate the 
following: 


a) Trip the main generator breakers. 

b) | Trip the field and/or exciter breakers. 

c) Trip the prime mover. 

d) Turn on carbon dioxide internal generator fire protection, if provided. 
e) Operate an alarm and/or annunciator. 

f) Transfer the station service to the standby source. 


12.5.3.3 Ground-fault protection 


Protective schemes that are designed to detect three-phase and phase-to-phase stator faults 
are not intended to provide protection for phase-to-ground faults in the generator zone. The 
degree of ground-fault protection provided by these schemes is directly related to how the 
generator is grounded and, therefore, to the magnitude of the available ground-fault current. 
The maximum phase-to-ground fault current available at the generator terminals may vary 
from three-phase fault-current levels or higher to almost zero. In addition, the magnitude of 
stator ground-fault current decreases almost linearly as the fault location moves from the 
stator terminals toward the generator neutral due to the generator winding impedance. For a 
ground fault near the neutral of a wye-connected generator, the available phase-to-ground 
fault current becomes small regardless of the grounding method. 


As noted in 12.5.3.2, differential relaying provides no ground-fault protection on high- 
impedance-grounded machines where primary fault current levels are limited to 3 A to 25 A. 
Differential relaying schemes may detect some stator phase-to-ground faults depending upon 
how the generator is grounded. Figure 12-16 illustrates the approximate relationship between 
available ground-fault current and the percent of the stator winding protected by a current- 
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differential scheme. When the ground-fault current level is limited below generator-rated load 
current, a large portion of the generator may be unprotected. 
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Figure 12-16—Percent of stator winding unprotected by differential relay 
for phase-to-ground fault 


GROUND-FAULT CURRENT IN PERCENT OF 
GENERATOR RATED LOAD CURRENT 


Because the available ground-fault current may be small or limited to low values, a common 
practice is to provide separate sensitive ground-fault protection for generators. Depending on 
the generator-grounding method, the protection provided may include both primary and 
backup relaying or may be used to supplement whatever protection may be provided by dif- 
ferential relaying. 


Numerous schemes have been developed and used to provide sensitive ground-fault 
protection for generators and are discussed in considerable detail in IEEE Std C37.101-1993. 
Only the most widely used schemes for the four grounding methods considered in 12.4 are 
discussed in 12.5.3.3.1 through 12.5.3.3.4. 
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12.5.3.3.1 High-resistance grounding 


The ground-fault current is limited to such low levels that differential relaying does not detect 
phase-to-ground faults. Therefore, for high-resistance-grounded generators, a common prac- 
tice is to provide separate primary and backup relaying for ground-fault protection. 


12.5.3.3.1.1 Protection 


The most widely used protective scheme with the resistance-loaded distribution transformer 
method of grounding is a time-delay overvoltage relay (Device 59GN) connected across the 
grounding impedance to sense zero-sequence voltage as shown in Figure 12-17. 
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Figure 12-17—Generator ground-fault protection for 
high-impedance-grounded generator 


The relay used for this function is designed to be sensitive to fundamental frequency voltage 
and insensitive to third-harmonic and other zero-sequence harmonic voltages that may be 
present at the generator neutral. 


Because the grounding impedance is large compared to the generator impedance and other 
impedances in the circuit, the full phase-to-neutral voltage is impressed across the grounding 
device for a phase-to-ground fault at the generator terminals. The voltage on the relay is a 
function of the distribution transformer ratio and the location of the fault. The voltage is a 
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maximum for a terminal fault and decreases in magnitude as the fault location moves from 
the generator terminals toward the neutral. 


Typically, the overvoltage relay has a minimum pickup setting of approximately 5 V. With 
this setting and with typical distribution transformer ratios, this scheme is capable of detect- 
ing faults to within 2% to 5% of the stator neutral. 


For personnel safety, the distribution transformer secondary winding is usually grounded at 
one point, as shown in Figure 12-17. This point may be at one terminal of the secondary 
winding or at a center tap, if available. 


The time setting for the voltage relay is selected to provide coordination with other system 
protective devices. Specific areas of concern include the following: 


a) When grounded-wye-grounded-wye VTs are connected at the machine terminals, the 
voltage relay should be time-coordinated with VT fuses for faults on the transformer 
secondary windings. If relay time delay for coordination is not acceptable, the 
coordination problem can be alleviated by grounding one of the secondary phase 
conductors instead of the secondary neutral. When this technique is used, the 
coordination problem still exists for ground faults on the secondary neutral. Thus, its 
usefulness is limited to applications where the exposure to ground faults on the 
secondary neutral is small. 


b) The voltage relay may have to be coordinated with system relaying for system 
ground faults. System phase-to-ground faults induce zero-sequence voltages at the 
generator due to capacitive coupling between the windings of the unit transformer. 
This induced voltage appears on the secondary of the grounding distribution trans- 
former and may cause operation of the zero-sequence voltage relay. 


In general, a maximum time-delay setting for the induction disk relay has been found to pro- 
vide adequate coordination with VT fuses and system ground relaying. Shorter time delays 
have been used where the VT secondary neutral is isolated and a secondary phase conductor 
grounded and where high-speed ground relaying is used on the high-voltage system. 


Several schemes use third-harmonic voltage at the neutral or at the generator terminals to 
detect faults near the stator neutral. These schemes supplement the fundamental frequency 
zero-sequence voltage relay. These schemes assume that adequate harmonic voltage is 
present at the neutral of the machine. Typical values needed are approximately 1% of rated 
voltage. 


In Figure 12-18, a voltage relay is connected to measure the third-harmonic voltage at the 
machine terminals. When a stator phase-to-ground fault occurs, third-harmonic voltage 
increases, and the increase causes relay operation. 
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Figure 12-18—Third-harmonic overvoltage scheme for generator 
ground-fault protection 
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12.5.3.3.1.2 Tripping 


In general, both the primary and backup protection are connected to trip and to shut down the 
generator and the prime mover. Separate lockout relays may be used to distinguish phase 
faults from ground faults and/or to distinguish primary from backup relay operation. 


12.5.3.3.2 Low-resistance grounding 


As indicated in 12.4.2, the grounding resistor is selected to limit the generator’s contribution 
to a single phase-to-ground fault at its terminals to a range of current between 200 A and 
400 A. With this range of available fault current, differential relaying provides some ground- 
fault protection (see Figure 12-16). However, because the differential relaying does not 
provide ground-fault protection for the entire stator phase winding, a common practice is to 
provide supplementary sensitive protection for ground faults. 


Low-resistance grounding is generally used where two or more generators are used at genera- 
tor voltage and connected to a system through one step-up transformer as illustrated in 
Figure 12-2 or connected directly to a distribution system as illustrated in Figure 12-1. The 
protection discussed above permits selective ground relaying of several generators. 


When the generator neutral is grounded through an impedance limiting the maximum 
ground-fault current to a value less than the primary rating of the CTs, a differential ground- 
fault scheme (Device 87G) should be considered. A differential ground-fault scheme, 
however, is capable of detecting faults to within 10% from the generator neutral. A current- 
polarized directional ground relay, shown in Figure 12-10, may be used in this application. A 
neutral CT, separate from the ground overcurrent relay CT, may be necessary for maximum 
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relay sensitivity. The ground differential CT should have a primary current rating of 10% to 
50% of the neutral resistor-current rating. To match the phase and neutral CT ratios, an 
auxiliary CT should be utilized. Again, a careful review of the auxiliary CT performance 
characteristics should be made to prevent misoperation on external faults. 


12.5.3.3.2.1 Protection 


Sensitive ground-fault protection can be provided with a product relay, current-polarized 
directional ground relay, or with a simple time-overcurrent relay. These three schemes 
provide varying degrees of sensitivity for detecting ground faults covered by the differential 
zone. 


— _ The product relay is connected to receive differential current from the phase CTs in 
the relay’s operating coil circuit and generator neutral 3/, current in its polarizing cir- 
cuit as shown in Figure 12-19. Differential comparison is biased via an auxiliary CT 
to assure that positive restraint exists for external faults even though the phase and 
neutral CTs have substantially different performance characteristics. This scheme 
provides excellent security against misoperation for external faults and provides sen- 
sitive detection for internal faults. 


— When a directional overcurrent relay is used, the polarizing coil is energized from a 
CT in the generator neutral, and the operating coil is in the neutral of the generator 
differential relaying scheme, as shown in Figure 12-10. This application provides 
sensitivity without a high operating coil burden. 


— When a simple overcurrent relay is used, a sensitively set time-overcurrent relay is 
connected in the neutral of the differential scheme, as shown in Figure 12-20. 
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Figure 12-19— Generator ground differential protection using 
product relay 


In these approaches, the sensitive ground protection detects only faults covered by the 
differential zone and eliminates the need to time-coordinate these relays with other system 
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Figure 12-20— Generator ground differential protection using 
overcurrent relays 
relaying. The effect of the ground relay coil burden in the neutral of the generator differential 
relaying should be checked. 


In addition to this protection, a common practice is to install a sensitive ground time- 
overcurrent relay in the generator neutral. This relay provides backup protection for all 
ground relays in the system at the generator-voltage level. It also provides protection against 
internal generator ground faults, but this protection is limited by the amount of time delay 
that the relay must have to coordinate with other ground relays. On small isolated machines, 
this device and Device 51V (when the CTs for it are installed on the neutral side) provide the 
only protection for internal generator faults. 


The neutral-CT-turns ratio and tap setting of the overcurrent relay should be selected to pro- 
vide an operating current of 5 to 10 times its pickup setting for a bolted line-to-ground fault at 
the generator line terminals. The pickup setting should be at least equal to and preferably 
greater than the pickup setting of downstream ground overcurrent devices for selectivity 
between those relays. The pickup setting should also be set above the anticipated level of any 
harmonic current flowing in the neutral during normal conditions. Many European generator 
designs have a winding configuration that produces a higher magnitude of harmonic currents 
than domestic machines, sufficient to preclude the use of machine neutral grounding. In these 
cases, the use of a zigzag grounding transformer should be considered to establish the source 
grounding point. 


12.5.3.3.2.2 Tripping 


The tripping mode is the same as for high-resistance grounding (see 12.5.3.3.1.2). 
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12.5.3.3.3 Reactance grounding 
12.5.3.3.3.1 Protection 


Reactance grounding is used where the generator is connected directly to an effectively 
grounded distribution system. With reactance grounding, the available ground-fault current 
levels range from 25% to 100% of the three-phase fault current. With this high level of fault 
current, differential relaying is capable of providing almost complete protection of the stator 
phase winding for most ground faults. However, differential relaying may not detect high- 
resistance faults or faults near the generator neutral. Therefore, a common practice is to 
provide additional sensitive ground protection as backup for generator and system ground 
faults. 


Backup protection is generally provided by a time-overcurrent relay connected to a CT in the 
generator neutral. The pickup of this relay should be set above the normal currents that flow 
in the neutral due to the unbalanced system loads and zero-sequence harmonic currents. 
Because this overcurrent relay operates for system ground faults, it should be time- 
coordinated with system ground relaying. 


More sensitive ground-fault protection may be provided with the directional overcurrent 
relay or with the simple overcurrent relay connected in the neutral of the differential scheme, 
as described in 12.5.3.3.2.1. 


12.5.3.3.3.2 Tripping 

The tripping mode is the same as for high-resistance grounding (see 12.5.3.2.4). 
12.5.3.3.4 Grounding-transformer grounding 

12.5.3.3.4.1 Protection 


As discussed in 12.4.4, grounding may be provided by a zigzag transformer, or a grounded 
wye-delta transformer or by a grounded wye-broken delta transformer with a resistor con- 
nected across a corner of the broken delta. 


When a zigzag or grounded wye-delta transformer is used, the effective grounding impedance 
is selected to provide sufficient current for selective ground relaying. The available ground- 
fault current is generally on the order of 400 A. These types of grounding transformers are 
generally used as an alternate grounding source when a generator with neutral reactance 
grounding is connected directly to a distribution system or as a bus grounding source where 
several ungrounded wye- or delta-connected generators are bussed at generator voltage. A 
typical application is illustrated in Figure 12-21. In this arrangement, the generators are 
ungrounded, and the grounding bank is the sole source of ground-fault current for faults in 
the generators or on the feeders. 
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Figure 12-21—Ground-fault protection with zigzag grounding bank 


Each generator and feeder breaker would have primary ground overcurrent relaying. This 
protection could be sensitive instantaneous overcurrent relaying. Backup protection would be 
provided by a time-overcurrent relay connected to a CT in the neutral of the grounding bank. 


The grounded wye-broken-delta transformer with a resistance in the corner of the broken 
delta is generally a high-resistance-grounded system that limits the single phase-to-ground 
fault current to a range of 3 primary A to 25 primary A. This approach is generally used to 
provide a means for detecting ground faults in ungrounded generators prior to synchronizing 
the generator to the system or to provide backup for high-impedance-grounded generators. In 
the application, the grounding transformer would be connected at the terminals of the 
generator and a zero-sequence overvoltage relay of the type described in 12.5.3.3.1.1 would 
be connected across the resistance in the broken delta. The relay pickup setting and 
coordination would be as discussed in 12.5.3.3.1.1. 


12.5.3.3.4.2 Tripping 
The tripping mode is the same as for high-resistance grounding (see 12.5.3.2.4). 
12.5.4 Generator rotor field protection 


This subclause is primarily concerned with the detection of ground faults in the field circuit. 
Other protection for the field circuits is covered in 12.5.5.1. 


Generator field circuits are normally operated ungrounded. Thus, a single ground fault does 


not result in equipment damage or affect the operation of the generator. If, however, a second 
ground fault should occur, an unbalance in the magnetic field is established by the rotor. This 
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unbalance may be severe enough to develop destructive vibration within the generator. The 
field circuit of a generator is an ungrounded system. As such, a single ground fault does not 
generally affect the operation of a generator. However, if a second ground fault occurs, a por- 
tion of the field winding is short circuited and produces unbalanced air-gap fluxes in the 
machine. These unbalanced fluxes may cause rotor vibration that can quickly damage the 
machine; also, unbalanced temperatures caused by unbalanced currents can cause similar 
damaging vibrations. The probability of the second ground occurring is greater than the first 
because the first ground establishes a ground reference for voltages induced in the field by 
stator transients and increases the stress to ground at other points on the field winding. 


12.5.4.1 Protection 


Several methods are in common use for detecting rotor field ground faults. For excitation sys- 
tems using slip rings and brushes, two types of relays are available. Satisfactory operation of 
either type of relay requires the generator rotor to be grounded. To accomplish this setup, a 
means should be provided to bypass the bearing oil film. This step should be done because 
the resistance of the path may be too large for dependable relay operation and because even a 
small magnitude of current flowing through the bearing may cause its destruction. Bearing 
seals may be used to provide the necessary bypass in some machines, while others may 
require an additional brush and slip ring for effective rotor grounding. 


In one method, a de voltage is applied between the negative side of the generator field circuit 
and ground through the coil of an overvoltage relay, as illustrated in Figure 12-22. A ground 
anywhere in the field causes the relay to operate. A brush or braid is used to ground the rotor 
shaft because the bearing oil film may insert enough resistance in the circuit so that the relay 
would not operate for a field ground. Some time delay is normally used with this relay in 
order to prevent unnecessary operations for momentary or transitory unbalances of the field 
circuit with respect to ground. These momentary unbalances may be caused by the operation 
of fast-response thyristor excitation systems. 
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Figure 12-22—Field ground-fault protection using a dc source 
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The second method, illustrated in Figure 12-23, is similar to the method employed to detect a 
control battery ground and uses a voltage divider and a sensitive overvoltage relay between 
the divider midpoint and ground. As with the battery ground detector, a maximum voltage is 
impressed on the relay by a ground on either the positive or the negative battery leads. How- 
ever, a null point exists between positive and negative where a ground fault does not produce 
a voltage across the relay unless the polarity on the ground detector is reversed from time to 
time. The generator field ground relay is designed to overcome the null problem by using a 
nonlinear resistor in series with one of the two linear resistors in the voltage divider. The 
resistance of the nonlinear resistance varies with the applied voltage. The divider is propor- 
tioned so that the field winding null point is at the winding midpoint when the exciter voltage 
is at rated voltage. Changes in exciter voltage move the null point from the field winding 
center. 
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Figure 12-23—Field ground-fault protection using a voltage divider 


On a brushless excitation system, continuous monitoring for field ground faults is not 
possible with conventional field ground relays because the generator field connections are 
contained in the rotating element. 


Figure 12-24 illustrates the addition of a pilot brush or brushes to gain access to the rotating 
field parts. Normally, this addition is not made because eliminating the brushes is considered 
an advantage of the brushless system. However, detection systems can be used to detect field 
grounds if a collector ring is provided on the rotating shaft along with a pilot brush that can 
be periodically dropped to monitor the system. The ground check can be done automatically 
by a sequencing timer and control or by the operator. The brushes used in this scheme are not 
suitable for continuous contact with the collector rings. The field circuit impedance to ground 
is one leg of a Wheatstone bridge via the brush. A ground fault shorts out the field winding to 
rotor capacitance Cp, which unbalances the bridge circuit. If a voltage is read between 
ground and the brush, which is connected to one side of the generator field, then a ground 
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fault exists. For brushless machines, resistance measurements can be used to evaluate the 
integrity of the field winding. 
FIELD 
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Figure 12-24—Field ground-fault protection using pilot brushes 


Figure 12-25 illustrates a method for continuous monitoring of field grounds on brushless 
machines without using pilot brushes. The relay’s transmitter is mounted on the generator 
field diode wheel. Its source of power is the ac brushless exciter system. Two leads are con- 
nected to the diode bridge circuit of the rotating rectifier to provide this power. Ground 
detection is obtained by connecting one lead of the transmitter to the negative bus of the field 
rectifier and connecting the ground lead to the rotor shaft. The transmitter detects the resis- 
tance change between the field winding and the rotor shaft. The transmitter’s light emitting 
diodes (LEDs) emit light under normal conditions. Upon detection of a fault, the LEDs are 
turned off. A stationary receiver mounted on the exciter housing receives the light signal 
across the air gap. Loss of the LED light to the receiver actuates the ground relay and initiates 
a trip or alarm. Time delay of 10 s is provided. 


If the generator field ground relay is used only to detect the first field ground and to sound an 
alarm, backup protection consisting of vibration-detecting equipment should be provided so 
that a second ground does not result in an abnormal amplitude of vibration. The vibration 
monitor should be arranged with contacts to trip the main and field breaker. If vibration is 
above the amount associated with short-circuit transients for faults external to the unit. 


12.5.4.2 Tripping 


From a protection viewpoint, the safest practice is to shut down the generator automatically 
when the first ground is detected. A ground fault can cause damage to the field. Moreover, a 
second ground fault may be imminent because of insulation problems in the field. Many 
industrial systems are designed to alarm with the field ground relay and have written 
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Figure 12-25—Field ground-fault protection for brushless machines 


instructions for the operator to unload and shut down the machine in an orderly manner so 
that other machines can pick up the load thus avoiding a system disturbance. 


12.5.5 Generator abnormal operating conditions 


This subclause describes hazards to which a generator may be subjected that may not 
necessarily involve a fault in the generator. It discusses the typical means for detecting these 
abnormal operating conditions and the tripping practices. 


12.5.5.1 Loss of field protection (Device 40) 


Loss-of-field protection devices sense when a generator’s excitation system has been lost. 
This protection is important when generators are operating in parallel or in parallel with a 
utility supply system, although it is not needed on a single-isolated unit. The source of 
excitation for a generator can be completely or partially removed through such incidents as 
accidental tripping of a field breaker, field open circuit, field short circuit (e.g., flashover of 
the slip rings), regulation system failure, or the loss of supply to the excitation system. 
Whatever the cause, a loss of excitation can present serious operating conditions for both the 
generator and the system. 


When a generator loses excitation, it overspeeds and operates as an induction generator. It 
continues to supply some power to the system and receives its excitation from the system in 
the form of vars. In general, the severest condition for both the generator and the system is 
when a generator loses excitation while operating at full load. For this condition, the stator 
currents can be in excess of 2 per unit; and, because the generator has lost synchronism, high 
levels of slip-frequency currents can be induced in the rotor. These high current levels can 
cause dangerous overheating of the stator windings and the rotor within a short time. In addi- 
tion, because the loss-of-field condition corresponds to operation at very low excitation, 
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overheating of the end portions of the stator core may result. The system itself is also jeopar- 
dized because it is forced to supply the lost kVAR output of the machine in trouble, plus 
provide still more kVARs in order to excite the unit as an induction generator. The level of 
kVARs drawn from the system can be equal to or greater than the generator kilovoltampere 
rating. The danger exists that the system would not have sufficient kVAR capacity for such a 
condition. The increased reactive flow across the system can cause voltage reduction and/or 
tripping of transmission lines and thereby adversely affect system stability. The increased 
reactive flow across the system can cause system voltage reduction and thereby affect the 
performance of generators in the same station or elsewhere on the system. The other 
machines’ excitation systems would be operated at dangerously high levels that can cause 
overheating. 


12.5.5.1.1 Steam turbine generators 


The machine slip and power output is a function of initial machine loading, machine and sys- 
tem impedances, and governor characteristics. High system impedances tend to produce a 
high slip and a low power output. 


If a generator is operating initially at full load when it loses excitation, it can reach a speed of 
2% to 5% above normal. No general statements can be made with regard to the permissible 
time a generator can operate without field; however, at speeds other than synchronous, the 
time would be short. 


12.5.5.1.2 Hydrogenerators 


Due to saliency, the normal hydrogenerator may carry 20% to 25% of normal load without 
field and not lose synchronism. The actual load-carrying capability is a function of machine 
and system characteristics. Also, operation with nearly zero field and at reduced load is often 
necessary to accept line-charging current. However, if a loss of field occurs when a hydro- 
generator is carrying full load, it behaves and produces the same effects as a steam turbine 
generator. High stator and induced field currents may damage the stator winding, the field 
windings, and/or the amortisseur windings; and the unit would impose a reactive drain on the 
system. 


12.5.5.1.3 Protection 


At least three types of protective devices can be used to provide loss-of-field protection. Each 
type has different relative cost, complexity of application, and degree of offered protection. 
The type chosen should be dependent upon the application, considering factors such as gen- 
erator cost, relay cost, and importance of the generator output. 


12.5.5.1.3.1 Distance relays 


The most widely applied method for detecting a generator loss of field is the use of distance 
relays to sense the variation of impedance as viewed from the generator terminals. When a 
generator loses excitation while operating at various levels of loading, the variation of 
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apparent impedance as viewed at the machine terminals has the characteristics shown on the 
R-X diagram in Figure 12-26. 


——+ x 


Figure 12-26—Loss-of-field impedance relay characteristics using 
offset mho distance relays 


Two types of distance relaying schemes are used for detecting the impedances seen during a 
loss of field. One approach uses an offset mho distance relay. Figure 12-26 illustrates the 
typical characteristics of such a relay. The generator full-load operating condition is 
represented by Point A. When excitation is lost, such as from a shorted field winding, the 
apparent impedance of the generator traces a locus of points ending inside the operating 
characteristic. The impedance locus terminates to the right of the (—x) ordinate and 
approaches impedance values somewhat higher than the average of the direct and quadrature 
axes’ subtransient impedances of the generator. The curve from Point B represents a locus of 
points of a moderately loaded generator. Curve C represents the locus of a lightly loaded and 
underexcited generator. In this case, the impedance locus may oscillate in and out of the relay 
characteristic depending upon its setting. For a loss of field at no load, the impedance as 
viewed from the machine terminals varies between the direct and quadrature axes’ 
synchronous reactances (X,, Xq). 


For more sensitive protection, a second impedance element can be added that operates in a 
more restricted area of impedance values as represented by the dotted characteristics. The 
diameter of its circular characteristics is set equal to 1.0 per unit impedance and with an offset 
equal to one-half transient reactance (X,’). It detects a loss of field from full load down to 
about 30% load as represented by Curve A and Curve B. This element is generally permitted 
to trip without any added external time delay and thereby provides fast protection for the 
more severe conditions in terms of possible machine damage and adverse effects on the sys- 
tem. The first element is then equipped with a time-delay relay set for 0.5 s or greater so that 
upstream fault-initiated system swings that may momentarily intrude into the operating area 
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of the relay, illustrated by Curve D, do not trip the generator. Loss of field on lightly loaded 
generators, illustrated by Curve C, is still cleared after the preset time delay, but with the 
inherent adverse effect on the system. This relay can be provided with slightly differing char- 
acteristics, but the ultimate quality of protection is the same. 


On small or less important units, only a single relay would be used with the diameter of its 
circular characteristics set equal to the synchronous reactance of the machine (X,) and with 
an offset equal to one-half transient reactance (X,’). Time delay of 0.5 s to 0.6 s would be 
used with this unit in order to prevent possible incorrect operations from upstream fault- 
initiated system swings that may momentarily intrude into the operating area of the relay, 
illustrated by Curve D. 


The second distance relaying approach is illustrated in Figure 12-27. This scheme uses a 
combination of an impedance unit, a directional unit, and an undervoltage unit applied at the 
generator terminals and set to look into the machine. The impedance (Z,) and directional 
units are set to coordinate with the generator minimum excitation limiter and its steady-state 
stability limit. During abnormally low excitation conditions, such as might occur following a 
failure of the minimum excitation limiter, these units operate and sound an alarm to alert the 
station operator to correct the condition. 
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Figure 12-27 —Loss-of-excitation protection using impedance, directional, 
and undervoltage units 


Should a low-voltage condition also exist, indicating a loss-of-field condition, the under- 
voltage unit would operate and initiate tripping with a time delay of 0.25 s to 1.00 s. 


Two relays may also be used in this scheme, with the second (shown as Z, on Figure 12-27 
set with an offset equal to X,'/2 and with the long reach intercept equal to 11 times Xj. In this 
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case, the relay with the Z, setting should trip without any external time delay, and the other 
relay should be delayed by approximately 0.75 s to prevent operation on stable swings. 


12.5.5.1.3.2 Reactive (or var) relay 


A second type of loss-of-field relay utilizes the flow of reactive power into the generator. 
This relay operates much the same as the mho relay at much less expense. When the genera- 
tor is operated with leading power factor, the power system attempts to provide reactive 
power to excite the generator. A relay that measures the reactive (var) flow into the generator 
can detect the loss of field and initiate a trip. 


The var loss-of-field relay provides a characteristic curve in the power plane (or PQ dia- 
gram), similar to the curve of the generator’s capability curve. The characteristic curve of the 
var loss-of-field relay may also be provided with a shift from the P axis on the PQ diagram. 
This shift allows the operation of the relay to be coordinated closely to the steady-state limit 
of the generator, while allowing limited operation in the leading power factor region. If the 
steady-state stability limit is exceeded, the generator may pull out of step. 


Reverse-power relays may also be used to perform loss-of-field protection by connecting 
them to measure var flow instead of real power flow. The principle limitation is that it cannot 
always distinguish between the occasions when the generator is operating at a leading power 
factor because of system conditions and similar-appearing var flows due to loss of excitation. 


12.5.5.1.3.3 DC undercurrent relays 


The third protective scheme available involves the application of a dc undercurrent relay that 
is connected in series with the field. Its low cost makes it attractive for small generators and 
for any generators supplying noncritical loads where the generator has leads brought out 
through conventional slip rings. The relay may require the use of a timer in order to ride 
through momentary interruptions of current that might occur during short circuits in the 
power system. The relay would not indicate the loss of excitation due to faults in the field 
winding and may not operate during the presence of induced ac currents in the field winding 
during certain operating conditions. 


12.5.5.1.4 Tripping 


The loss-of-field protection is normally connected to trip the main generator breakers and the 
field breaker and to transfer unit auxiliaries. The field breaker is tripped to minimize damage 
to the rotor field in case the loss of field is due to a rotor field short circuit or a slip ring flash- 
over. With this approach, if the loss of field were due to some condition that could be easily 
remedied, a tandem compound generator could be quickly resynchronized to the system. 


This approach may not be applicable with once-through boilers or with units that cannot 
transfer sufficient auxiliary loads to maintain the boiler and fuel systems. In these cases, the 
turbine stop valves would also be tripped. 
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12.5.5.2 Unbalanced current protection 


A number of system conditions may cause unbalanced three-phase currents in a generator. 
The most common causes are system asymmetries (e.g., untransposed lines), unbalanced 
loads, unbalanced system faults, and open circuits that result in an unbalance of the generator 
phase voltages. These system conditions produce negative-phase-sequence components of 
current that induce a double-frequency current in the surface of the rotor; the retaining rings; 
the slot wedges; and, to a smaller degree, the field winding. These rotor currents may cause 
high and possibly dangerous temperatures in a short time. Serious damage to the generator 
occurs if the unbalanced condition is allowed to persist indefinitely. 


The ability of a generator to accommodate unbalanced currents is specified by ANSI C50.13- 
1989 in terms of negative-sequence current J, (see Table 12-1). The negative-sequence 
current is expressed as a percentage of rated stator current. ANSI C50.13-1989 specifies the 
continuous /, capability of a generator and the short-time capability of a generator, specified 
in terms /*t, The standard further defines the value of constant K for various types of 
generators as listed below as it = K where the negative-sequence current is expressed in per 
unit of the full-load current and the time is given in seconds. 


Table 12-1— Continuous and short-time unbalanced current 
capability of generators 


Permissible I, 


Type of generator (%) 


Salient pole 


With connected amortisseur windings 


With non-connected amortisseur windings 


Cylindrical rotor 


Indirectly cooled 


Directly cooled (to 960 MVA) 
Directly cooled (961 MVA to 1200 MVA) 
Directly cooled (1201 MVA to 1500 MVA) 5 


These values also express the negative sequence current capability at reduced 
generator kVA capabilities. 


Unbalanced fault negative sequence current capability is expressed in per unit of 
rated current and time is in seconds. 


Type of generator Permissible I rt 


Salient pole generator 40 


Synchronous condenser 30 


Cylindrical rotor generators 


Indirectly cooled 20 
Directly cooled (0-800 MVA) 10 
Directly cooled (801-1600 MVA (see ANSI C50.13-1989) 


Source: ANSI C50.13-1989 
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A generator shall be capable of withstanding, without injury, the effects of a continuous- 
current unbalance corresponding to a negative-sequence current /, of the values in 
Table 12-1, providing the rated kilovoltamperes is not exceeded and the maximum current 
does not exceed 105% of rated current in any phase. 


12.5.5.2.1 Protection 


A common practice is to provide protection for the generator for external unbalanced 
conditions that might damage the machine. This protection consists of a time-overcurrent 
relay that is responsive to negative-sequence current. The setting determines the level of 
protection offered by the relay and should be set to match the Int limit of the generator being 
protected. Two types of relays are available for this protection: an electromechanical time- 
overcurrent relay with an extremely inverse characteristic and a static relay with a time- 
overcurrent characteristic that matches the [7 capability curves for generators. 


The electromechanical relay was designed primarily to provide machine protection for 
uncleared unbalanced system faults. The negative-sequence current pickup of this unit is 
generally 0.6 per unit of rated full-load current and hence may not detect open conductors 
and/or severe unbalanced load conditions. Typical characteristics for this relay are shown in 
Figure 12-28. 
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Figure 12-28—Characteristics of electromechanical negative-sequence 
overcurrent relay showing generator It limits 
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The static relays are generally more sensitive and are capable of detecting and tripping for 
negative-sequence currents down to the continuous capability of a generator. Typical charac- 
teristics for this type of relay are shown in Figure 12-29. 
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Figure 12-29—Characteristics of static negative-sequence overcurrent 
relay showing generator It limits 


Some relays can be provided with sensitive alarm units (/, pickup range of 0.03 per unit to 
0.20 per unit), which can be used to forewarn an operator when a machine’s continuous 
capability is exceeded. In some types of static relay, a meter can be provided to indicate the J, 
level in a machine. 


12.5.5.2.2 Tripping 


The negative-sequence relay is connected to trip the main generator breakers. This tripping is 
preferred if the machine auxiliaries permit operation under this condition because this 
approach allows quick resynchronization of the unit after the unbalanced conditions have 
been eliminated. If the machine auxiliaries do not permit operation of the machine with such 
tripping, then the negative-sequence relay must also trip the machine prime mover and the 
field and must transfer the auxiliaries. 
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12.5.5.3 Loss-of-synchronism protection 


As machine sizes have increased, generation per-unit reactances have increased, and inertia 
constants have decreased. The culmination of these factors has resulted in reduced critical 
clearing times required to isolate a system fault near a generating plant before the generator 
losses synchronism with the power system. In addition to prolonged fault-clearing times, 
generator loss of synchronism can also be caused by low system voltage, low machine 
excitation, high impedance between the generator and the system, or some line switching 
operations. When a generator loses synchronism, the resulting high peak currents and off- 
frequency operation cause winding stresses, pulsating torques, and mechanical resonances 
that are potentially damaging to the generator and turbine generator shaft. To minimize the 
possibility of damage, the generator should be tripped without delay, preferably during the 
first half slip cycle of a loss-of-synchronism condition. 


12.5.5.3.1 Protection 


The protection normally applied in the generator zone (e.g., differential relaying, time-delay 
system backup) does not detect loss of synchronism. The loss-of-excitation relay may 
provide some degree of protection, but cannot be relied on to detect generator loss of 
synchronism under all system conditions. Therefore, if during a loss of synchronism the 
electrical center is located in the region from the high-voltage terminals of the generator step- 
up transformer down into the generator, separate out-of-step relaying should be provided to 
protect the machine. Description of the various relays used for loss of synchronism is beyond 
the scope of this recommended practice (see IEEE Std C37.102-1995). 


12.5.5.3.2 Tripping 


This protection can be connected to trip only the main generator breakers and thereby isolate 
the generator with its auxiliaries if the unit has full-load rejection capabilities. In this way, 
when system conditions have stabilized, the unit can be readily resynchronized to the system. 
If the unit does not have full-load rejection capability, this protection should be converted to 
trip and shut down the generator and the prime mover. 


12.5.5.4 Overexcitation protection 


ANSI C50.13-1989 and IEEE Std 67-1990 state that generators shall operate successfully at 
rated kilovoltamperes, frequency, and power factor at any voltage not more than 5% above or 
below rated voltage. Deviations in frequency, power factor, and voltages outside these limits 
can cause thermal distress unless the generator is specifically designed for such conditions. 
Overexcitation is one such deviation for which monitoring and protection schemes can be 
provided. 


Overexcitation of a generator or any transformers connected to the generator terminals occurs 
when the ratio of the voltage to frequency applied to the terminals of the equipment exceeds 
1.05 per unit for a generator (i.e., generator base) and 1.05 per unit at full load or 1.1 per unit 
at no load at the high-voltage terminals for a transformer (1.e., transformer base). When these 
voltage-to-frequency ratios are exceeded, saturation of the magnetic core of the generator or 
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connected transformers can occur. Also, stray flux can be induced in nonlaminated compo- 
nents that are not designed to carry flux and can cause excessive interlaminar voltages 
between laminations at the ends of the core. The field current in the generator could also be 
excessive. This excess can cause severe overheating in the generator or transformer and even- 
tual breakdown in insulation. 


One of the primary causes of excessive voltage-to-frequency ratios on generators and trans- 
formers is operation of the unit under regulator control at reduced frequencies during startup 
and shutdown. With the regulator maintaining rated voltage while the unit is at 95% or lower 
speed, the voltage-to-frequency ratio at the terminals of the machine is 1.05 per unit or 
greater, and damage can occur to the generator and/or connected transformers. Generator 
rotor prewarming is an example of operating an unloaded machine at reduced terminal volt- 
age and frequency. 


Overexcitation can also occur during complete load rejection which leaves transmission lines 
connected to a generating station. Under this condition, the voltage-to-frequency ratio may 
exceed 1.25 per unit. With the excitation control in service, the overexcitation is generally 
reduced to safe limits in a few seconds. With the excitation control out of service, the 
overexcitation may be sustained, and damage can occur to the generator and/or transformers. 


Failures in the excitation system or loss of signal voltage to the excitation control can also 
cause overexcitation. 


Industry standards do not at present specify definite short-time capabilities for generators and 
transformers. However, manufacturers generally provide overexcitation capability limits for 
this equipment. Several methods of preventing an overexcitation condition are discussed in 
12.5.5.4.1 through 12.5.5.4.3. 


12.5.5.4.1 Voltage-to-frequency limiters in excitation control 


The voltage-to-frequency limiter limits the output of the machine to a set maximum voltage- 
to-frequency ratio no matter what the speed of the unit. This limiter functions only in the 
automatic control mode. To provide protection when the unit is under manual control, the 
limiter may have a relay signal output that activates any additional protective circuits to trip 
the generator field. The relay circuit is functional whether the excitation control is in or out of 
service. 


With or without a voltage-to-frequency limiter in the excitation control, a common practice is 
to provide separate voltage-to-frequency relaying to protect the station transformers and the 
generator, when the excitation control is out of service. 


12.5.5.4.2 Voltage-to-frequency relays 
Several forms of voltage-to-frequency relays are available and may be provided with the 
generating unit. One type uses a fixed-time single voltage-to-frequency relay set at 110% 


of normal, which alarms and trips in 6s. A second type has an inverse characteristic that 
can be applied to protect a generator and/or transformer from an excessive level of voltage- 
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to-frequency ratio and time-delay voltage-to-frequency ratio. A minimum operate level of 
voltage-to-frequency ratio and time delay can usually be set to provide a close match of 
the generator-transformer-combined voltage-to-frequency ratio characteristics. The 
manufact-urers’ voltage-to-frequency ratio limitations should be obtained if possible and 
used to determine the combined characteristic. 


12.5.5.4.3 Exciter relays 


A dc relay (Device 53) can be connected across a field shunt to check when the machine field 
voltage has reached a given value. During startup, this supplemental off-line protection can 
help prevent an overexcitation condition if something is wrong with the potential circuits and 
the voltage-to-frequency relays are unable to function. This relay is set to operate when field 
current exceeds its rated full-field no-load voltage by a certain value. Operating high speed 
with a short time delay, this scheme can be set to alarm, initiate automatic field run back, and/ 
or trip the generator. 


12.5.5.4.4 Tripping 


Overexcitation protection is generally connected to trip the main generator breakers and the 
field breakers and transfer auxiliaries if necessary. 


12.5.5.5 Antimotoring protection 


Motoring of a generator occurs when the energy supply to the prime mover is cut off while 
the generator is still on line. When this event occurs, the generator acts as a synchronous 
motor and drives the prime mover. While this condition is defined as generator motoring, the 
primary concern is the protection of the prime mover, which can be damaged during a motor- 
ing condition. 


12.5.5.5.1 General considerations 


Motoring causes many undesirable conditions. A steam turbine could overheat due to the loss 
of the cooling effect provided by the steam. A diesel or gas engine could either catch fire or 
explode. In a steam turbine, the rotation of the turbine rotor and blades in a steam 
environment causes idling or windage losses. Because windage loss is a function of the 
diameter of rotor disc and blade length, this loss is usually greatest in the exhaust end of the 
turbine. Windage loss is also directly proportional to the density of enclosing steam. Thus, 
any situation in which the steam density is high causes dangerous windage losses. For 
example, if vacuum is lost on the unit, the density of the exhaust steam increases and causes 
the windage losses to be many times greater than normal. Also, when high-density steam is 
entrapped between the throttle valve and the interceptor valve in reheat units, the windage 
losses in the high-pressure turbine are high. 


Windage loss energy is dissipated as heat. The steam flow through a turbine has a two-fold 
purpose: to give up energy to cause rotation of the rotor and to carry away the heat of the 
turbine parts. Because no steam flows through the turbine during motoring, the heat of the 
windage losses is not carried away and the turbine is heated. Even when the unit has been 
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synchronized, but no load has been applied, and enough steam is flowing through the unit to 
supply the losses, the ventilating steam flow may not be sufficient to carry away all of the heat 
generated by the windage losses. Although the generator is not motoring under this condition, 
the problems caused in the turbine are the same, and protection should be provided. 


Because the temperature of the turbine parts is controlled by the steam flow, various parts 
cool or heat at abnormal, uncontrolled rates during motoring. This irregularity can cause 
severe thermal stresses in the turbine parts. Another problem resulting from this temperature 
change can be unequal contraction or expansion of the turbine parts. This irregularity could 
cause a rub between rotating and stationary parts. Because a rub generates heat, the problem 
is made more severe (as with windage losses) by the lack of ventilation steam flow to carry 
the heat away. 


A maximum permissible time is established for how long a steam turbine can be operated in a 
motoring condition, and this time is generally a function of the rated speed of the unit. These 
data can readily be obtained from the manufacturer for a particular steam-turbine unit. 


Windage loss is not a particular problem in other types of prime movers, but they exhibit 
additional motoring difficulties. Gas turbines, for example, may have gear problems when 
being driven from the generator end. With hydroturbines, motoring can cause cavitation of 
the blades on low water flow. If hydro units are to operate as synchronous condensers, the 
unit will be motoring. This fact should be recognized in any motoring protection. With diesel- 
engine generating units, explosion and fire from unburned fuel are additional dangers. 
Motoring protection should, therefore, be provided for all generating units except units 
designed to operate as synchronous condensers, such as hydro units. 


12.5.5.5.2 Reverse-power relay 


From a system standpoint, the primary indication of motoring is the flow of real power into 
the generator acting as a synchronous motor. The reverse-power relay detects the reverse 
flow of power (1.e., watts) that would occur should the prime mover lose its input energy. The 
magnitude of motoring power varies considerably depending on the type of prime mover, as 
shown in Table 12-2. 


Table 12-2—Maximum motoring power for prime movers 


Steam turbine 


Water wheel turbine 


Gas turbine 


Diesel engine 
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The sensitivity and setting of the relay are dependent upon the type of prime mover involved 
because the power required to motor is a function of the load and losses of the idling prime 
mover. 


The reverse-power relay should have sufficient sensitivity so that the motoring power 
provides 5 to 10 times the minimum pickup power of the relay. 


In gas turbines, for example, the large compressor load represents a substantial power 
requirement from the system, up to 50% of the nameplate rating of the unit; therefore, the 
sensitivity of the reverse-power relay is not critical. A diesel engine with no cylinders firing 
represents a load of up to 25% of rating; therefore, again, no particular sensitivity problem 
exists. 


With hydroturbines, when the blades are under the tail-race water level, the percent motoring 
kilowatts is high. When the blades are above the tail-race level, however, the reverse power is 
low, between 0.2% to 2.0% of rated, and a sensitive reverse-power relay may be needed. 


Steam turbines operating under full vacuum and zero steam input require about 0.5% to 3.0% 
of rating to motor. This condition may be detected by a sensitive reverse-power relay. If the 
turbine were operated with its valves only partially closed to, for example, slightly less than 
the no-load value, the electrical input from the system could be essentially zero, and the 
reverse-power relay could not detect the condition. Because overheating of the turbine could 
still occur, some additional means of protection is required, such as the schemes discussed in 
12.5.5.5.3 through 12.5.5.5.6. 


A directional power relay with either definite- or inverse-time characteristics is frequently 
used to introduce sufficient time delay necessary to prevent operation during power swings 
caused by system disturbances or when synchronizing the machine to the system. A time 
delay of 10s to 30s is typical. Either a single-phase or a three-phase relay may be used 
although a single-phase relay calibrated in three-phase watts is frequently selected. 


12.5.5.5.3 Exhaust hood temperature 


Because the prime cause of distress in a motoring steam turbine is the temperature rise due to 
the windage losses, temperature-sensing devices can be used for protection. Because windage 
loss is generally most severe in the exhaust end of the turbine, a temperature-sensing device 
located in the exhaust hood is often used as auxiliary protection. This device, set at 
approximately 250 °F, is used to alarm the operator for this motoring condition. 


This device should not be used as primary protection because the measured temperatures 
vary with the location on the exhaust end of the turbine. Placement of the detector is impor- 
tant. Also, the reliability of existing detectors is questionable. Some other form of protection 
should, therefore, be used as primary protection. 
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12.5.5.5.4 Valve limit switches 


Limit switches on the turbine valves provide indication of when steam flow has been either 
completely shut off or reduced to harmfully low levels. By arranging these switches in the 
appropriate series-parallel arrangement, protection against loss of steam flow can be 
provided. 


This method was used for many years as the primary protection for motoring of steam 
turbines and is still used for the smaller units. With the increased number of valves and 
corresponding limit switches on the larger modern units, the arrangement became complex. 
Also, because a number of switches are in series, a failure of any one switch would render the 
protection scheme inoperative. For these reasons, most present-day units use the control oil 
pressure and turbine steam flow schemes (see 12.5.5.5.5 and 12.5.5.5.6, respectively). 


12.5.5.5.5 Conirol oil pressure 


The operation of the valves in a steam turbine is controlled by two oil systems: a turbine-trip 
system and a governing oil system. The turbine-trip oil system is used as an emergency shut- 
down system; and, when the pressure is reduced on this system, all valves close. The pressure 
in the governing oil system positions the governor and intercept valves to control load during 
normal operation. Pressure switches in these two systems provide a simple and reliable 
method of detecting a motoring condition. 


Because loss of pressure in the turbine-trip oil system normally indicates complete closure of 
all steam valves, the contact of the pressure switch in this system may be used for instanta- 
neous electrical tripping of the unit. For security against possible overspeed, the oil system 
trips may be supervised by a reverse-power relay. The pressure switch in the governing oil 
system is set at the no-load steam flow position and, after | min, trips the turbine-trip oil sys- 
tem, which in turn trips the electrical system. The governing oil trip system is, of course, 


supervised by an “a” contact on the unit breaker to prevent tripping of the turbine-trip system 
before synchronizing. 


12.5.5.5.6 Turbine steam flow 


Steam flow equal to or greater than synchronous-speed no-load steam flow is an indication 
that the unit is not being motored. The steam flow, even at this low percentage of rated steam 
flow, can accurately be determined by measuring the pressure drop across the high-pressure 
turbine element. Use of a differential pressure switch across this high-pressure element, 
instead of the governing oil pressure switch, is the most accurate and reliable method. It func- 
tions independently of the type of control system, hydraulic or electrohydraulic, and is the 
recommended scheme for large steam turbines. Again, for security against possible over- 
speed, this system may be supervised by a reverse-power relay. 


12.5.5.5.7 Protection summary 


On steam turbine units, the primary motoring protection used is the control oil pressure and 
turbine steam flow scheme, with the reverse-power relay used for backup and security and 
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with the exhaust hood temperature used as an alarm. With gas turbines, diesel engines, and 
hydroturbines, the reverse-power relay is primary protection. 


12.5.5.6 Overvoltage protection 


Overvoltage protection is normally provided on machines such as hydrogenerators where 
excessive terminal voltages may be produced following load rejection without necessarily 
exceeding the voltage-to-frequency ratio limit of the machine. The hydrogenerator overspeed 
could exceed 200% of normal. Under this condition on a voltage-to-frequency basis, the 
overexcitation may not be excessive, but the sustained voltage magnitude may be above per- 
missible limits. In general, this problem does not exist with steam or gas turbines because the 
rapid response of the speed governor and voltage regulator systems preclude this possibility. 


12.5.5.6.1 Protection 


Protection for generator overvoltage is provided with a frequency-compensated (or 
frequency-insensitive) overvoltage relay. The relay has both instantaneous function and time- 
delay function with an inverse-time characteristic. The instantaneous function is generally set 
to pick up at 130% to 150% of normal voltage while the inverse-time function is set to pick 
up at about 110% of normal voltage. 


12.5.5.6.2 Tripping 


The protection is generally connected to trip the main generator breakers and the field 
breakers. 


12.5.5.7 Abnormal frequency protection 


The operation of generators at abnormal frequencies (either overfrequency or 
underfrequency) generally results from full or partial load rejection or from overloading of 
the generator. Overloading a generator may be caused by a variety of system disturbances 
and/or operating conditions. The possibility of damage to steam- or gas-turbine generators 
exists when operating at reduced frequency for sufficient time. In general, underfrequency 
operation of a turbine generator is more critical than overfrequency operation because the 
operator does not have the option of control action. Therefore, it is often recommended that 
some form of underfrequency protection be provided for steam- and gas-turbine generators. 
Underfrequency and overfrequency protection is often required by the electric utility when 
industrial or cogeneration units are operated in parallel with the utility. 


12.5.5.7.1 Abnormal frequency capabilities of turbine generators 


Both the generator and the turbine are limited in the degree of abnormal frequency operation 
that can be tolerated. At reduced frequencies, the output capability of a generator is reduced. 
The reduction in output capability coupled with possible overloading of the generator during 
a system disturbance may result in thermal damage to the generator if its short-time thermal 
capability is exceeded. 
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The turbine is usually considered to be more restrictive than the generator at reduced 
frequencies because of possible mechanical resonances in the many stages of turbine blades. 
Departure from rated speed brings stimulus frequencies closer to one or more of the natural 
frequencies of the various blades and an increase in vibratory stresses. As vibratory stresses 
increase, damage is accumulated and may lead to cracking of some parts of the blade 
structure, most likely the tie wires or blade covers. Tie wire and blade cover cracks are not 
catastrophic failures, but they change the vibration behavior of the blade assembly so that it is 
likely to have natural resonance frequencies closer to rated speed. This change may produce 
blade fatigue during normal running conditions. Turbine manufacturers provide time limits 
for abnormal frequency operation. The effects of abnormal frequency operation are 
cumulative. 


12.5.5.7.2 Protection 


Underfrequency protection for steam- and gas-turbine generators is provided by the imple- 
mentation of automatic load-shedding programs on the power system. These load-shedding 
programs should be designed so that, for the maximum possible overload condition, suffi- 
cient load is shed to quickly restore system frequency to near normal. 


The underfrequency relays and timers are usually connected to trip the generator. 
12.5.5.8 Undervoltage protection 


The undervoltage relay can be used to serve any one of several protective functions 
depending on the voltage tap and time-dial setting. The automatic voltage regulator normally 
maintains the voltage within specified limits on multiple-isolated systems; therefore, a 
sustained undervoltage could indicate a severe overload condition or the loss of a generator. 
The relay may be used to initiate the starting of a standby unit. For single-machine operation, 
the relay could be used to remove load from the generator should a regulator failure or other 
malfunction cause the unit to be unable to maintain proper voltage. The relay may also be 
used to provide a form of single-phase short-circuit protection because close-in or internal 
faults would normally depress the voltage sufficiently to cause relay operation. On isolated 
systems with multiple generators, the undervoltage relay may be used to provide a backup to 
the backup protective devices. In this application, a time delay of 15 s to 20 s is necessary in 
order to give all other relays an opportunity to operate. 


12.5.5.9 System backup protection 


The protective relaying described in 12.5.5.1 through 12.5.5.8 provides protection for all 
types of faults in the generator zone and for generator abnormal operating conditions. In 
addition to this protection, a common practice is to provide protective relaying that detects 
and operates for system faults external to the generator zone that are not cleared due to some 
failure of system protective equipment. This protection, generally referred to as system 
backup, is designed to detect uncleared phase and ground faults on the system. This function 
serves to protect the distribution system components against excessive damage and to prevent 
the generator and its auxiliaries from exceeding their thermal limitations. 
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12.5.5.9.1 System phase-fault backup 


Two types of relays are commonly used for system phase-fault backup: a distance relay or a 
time-overcurrent relay (either voltage-restrained or voltage-controlled). The choice of relay 
in any application is usually a function of the type of relaying used on the distribution or 
transmission system. In order to simplify coordination, the distance backup relay is used 
where distance relaying is used for transmission-line protection, while the overcurrent 
backup relay is used where overcurrent relaying is used for line protection. In industrial and 
commercial application, where the generator is connected to a bus that serves distribution and 
utilization equipment using overcurrent devices, the overcurrent relay (Device 51V) is used. 
Where the output of the generator is stepped up to a transmission voltage, an impedance relay 
(Device 21) is normally used. 


12.5.5.9.1.1 Application of distance backup 


One zone of distance relaying with an mho characteristic is commonly used for system 
phase-fault backup. The proper currents and potentials must be used so that these relays see 
correct impedances for system faults. If required, this phase shift is accomplished by using 
auxiliary VTs connected in delta-wye as shown in Figure 12-30. When a generator is con- 
nected directly to a system, the connections to the relay are shown in Figure 12-31. In both 
cases, for the connections shown, the relay not only provides backup for system faults, but it 
also provides some backup protection for phase faults in the generator and generator zone 
before and after the generator is synchronized to the system. 
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Figure 12-30—Application of system backup relays for unit generator- 
transformer arrangement 
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12.5.5.9.1.2 Overcurrent backup 


In general, a simple time-overcurrent relay cannot be properly set to provide adequate backup 
protection. Users and system designers are reluctant to use any relay that operates solely on 
overcurrent for fear that it might trip off the generator when the load demand on it is the 
greatest. The use of ordinary time-overcurrent relays presents a dilemma in attempting to 
determine the proper current and time settings. If the current and time settings are too low, the 
relay may trip the generator unnecessarily on normal overloads. If the settings are too high to 
allow for the proper coordinating time interval for selectivity with downstream devices, the 
relay may not respond at all due to the decaying characteristic of the generator fault current. 
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Figure 12-31—Application of system backup relay for generator 
connected directly to system 


Thus ordinary overcurrent relays cannot be used without the likelihood of false operation 
occurring. In the successful application of these relays, it is, therefore, necessary to know not 
only the fault characteristics of the generator, but also the system emergency conditions that 
call for backup relay operation, and the characteristics of the relays available for that purpose. 


The pickup setting of this type of relay would normally have to be set from 1.5 to 2 times the 
maximum generator rated full-load current in order to prevent unnecessary tripping of the 
generator during some emergency overload conditions. With this pickup setting and with 
time delays exceeding 0.5 s, the simple time-overcurrent relay may never operate because the 
generator-fault current may have decayed below relay pickup. After 0.5 s or more, generator- 
fault current is determined by machine synchronous reactance; and the current magnitude 
could approach generator rated full-load current, which would be below the relay setting. 


The type of overcurrent device generally used for system phase-fault backup protection is 
either a voltage-restrained or voltage-controlled time-overcurrent relay. Both types of relays 
are designed to provide security under normal and emergency overload conditions and still 
provide adequate sensitivity for the detection of faults. 


12.5.5.9.1.2.1 Voltage-dependent overcurrent relays 


These overcurrent relays are specially constructed to make their operating characteristics a 
function of voltage and current. As the magnitude of the voltage applied to the coil decreases 
from rated value, the operating characteristic is modified so that the relay becomes more 
sensitive. Two types of overcurrent relays are customarily used: voltage-restrained and 
voltage-controlled. 


a) The voltage-restrained overcurrent relay consists of a conventional inverse time- 
overcurrent function and a restraining voltage function that effectively reduces the 
sensitivity setting of the overcurrent function proportionally over a 4:1 range. The 
relay is calibrated and rated for a range of tap settings, for example, 0.5 A to 16.0 A, 
with 100% of the voltage applied to the restraint coil. As the voltage is reduced, the 
current required to operate the relay at a given tap setting drops. This change gives an 
infinite series of characteristic curves. The performance at selected values of voltage 
is given as follows: 
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b) 


Rated voltage Percent of pickup, 
(V) tap setting 


The voltage-controlled overcurrent relay consists of a conventional inverse time- 
overcurrent function and a high-speed voltage function. The voltage function controls 
when the overcurrent function senses current. The high-speed voltage function is 
adjustable over a range of 40% to 100% of rated voltage depending upon 
manufacturer. When the applied voltage is above the pickup setting, its contacts 
connected in the circuit of the overcurrent function are open; and no operating output 
(i.e., torque) is produced regardless of current magnitude. When the applied voltage 
falls below the dropout value, the contacts in the overcurrent function circuit close. 
This event enables the relay to produce an operating output and operate as a 
conventional overcurrent relay. If the current is above the tap setting, then it operates 
in accordance with its inherent time-current characteristics (TCCs). A clear 
distinction can thus be made between normal no-fault conditions and abnormal fault 
conditions. 


12.5.5.9.1.2.2 Settings 


Examples of the considerations for selecting the tap and time-dial settings for both the 
voltage-restrained and voltage-controlled overcurrent relays show the basic differences 
between the two types. Each relay is to be applied on the 19 500 kVA generator whose decre- 
ment curves have been calculated and plotted in Figure 12-9. The criteria for selecting the 
relay tap setting are as follows: 


a) 


b) 


The relay should pick up on synchronous current for 0 V to the relay (i.e., constant 
excitation). 


The relay should not pick up for moderate overloads up to 150% of generator full- 
load current with 100% of voltage on the potential coil. 


Example for voltage-controlled relay 


The tap values of the voltage-controlled relay are based on the current flowing when the volt- 
age is below the dropout setting on the voltage function (potential coil). With the voltage 
above the pickup setting, the relay is effectively removed from the circuit. Calculate the tap 
setting so that it is less than the sustained fault current of 586 A. 
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Select a 2 A tap. 


The relay operates because the sustained fault current is 1.22 multiples of relay pickup, as 
illustrated in Figure 12-32. This relay should be selected to have a setting range that includes 
a 2.0 setting. (Using a relay with a 1.5 A tap could be selected for even greater sensitivity, 
that is, 1.63 multiples.) 
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Figure 12-32—Voltage-controlled relay, 19 500 kVA generator, 
fault-current decrement curves with backup overcurrent relays 


Example for voltage-restrained relay 


Because the current tap values are based on normal operating conditions, that is, 100% of 
restraint voltage applied, calculate the tap setting to be equal to or greater than 150% of full- 
load current. 
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Select a 6 A tap (i.e., 159% of full-load current). 


Verify that the relay will operate at 0 V. At 0 V, the relay sensitivity is reduced to 25% so 


1200 


I = SOA ee = ae 


pickup 


From the decrement curve in Figure 12-33, it is determined that the relay picks up because 
the sustained fault current is 586 A, or 1.63 multiples of pickup. The relay should be selected 
to have a range that includes a 6 tap setting. 
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Figure 12-33—Voltage-restrained relay, 19 500 kVA generator, 
fault-current decrement curves with backup overcurrent relays 


12.5.5.9.1.2.3 Conclusion 


Two observations can be made from the selection process demonstrated in 12.5.5.9.1.2.2. 
First, the type of relay selected makes a significant difference in the proper choice of tap 
range. Second, with the tap set as described, from the inception of the fault, the current in the 
relay will always be above its pickup value; thus, the relay contacts will ultimately close. 


If applied properly, the overcurrent pickup level in both types of relays is below the 
generator-fault current level as determined by synchronous reactance. 
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To provide system phase-fault backup, three voltage-restrained or voltage-controlled time- 
overcurrent relays are connected to receive currents and voltages in the same manner as the 
distance relays illustrated in Figure 12-30 and Figure 12-31. 


12.5.5.9.2 System ground-fault backup 


Ground-fault backup can be provided with a simple time-overcurrent relay having an inverse- 
time or very inverse-time characteristic. When the generator is connected in a unit generator- 
transformer arrangement, the ground backup relay is connected to a CT in the neutral of the 
step-up transformer as shown in Figure 12-30. 


When the generator is connected directly to a system, the ground backup relay is connected 
to a CT in the generator neutral as shown in Figure 12-31. 


12.5.5.9.3 Settings 


Ideally, the phase- and ground-fault backup relays are set to detect and operate for uncleared 
bus and transmission-line faults outside of the generator zone. Where VT static exciters are 
used, the generator-fault current can decay quite rapidly when voltage is low at the generator 
terminals due to a fault. As a consequence, the overcurrent phase-fault backup relay with 
long time delays may not operate for system faults. Therefore, the performance of these 
relays should be checked with the fault-current decrement curve for a particular generator 
and VT static excitation system. Both the phase and ground backup relays should be time- 
coordinated with the protection on all system elements outside of the generator zone to 
ensure proper selectivity; however, this step may not always be possible. 


12.5.5.9.4 Tripping 
Two tripping modes commonly used with the system backup protection are as follows: 


a) The system backup relays are connected to energize a hand-reset lockout relay, which 
trips the main generator breakers, the field and/or the exciter breakers, and the prime 
mover. See the caution in 12.5.5.1.4. 

b) The system backup relays are connected in a two-step tripping mode. 

1) First-time step: Trip only the main generator breakers. (When tripping in this 
mode, dangerous generator overspeed may result.) The generator must be capa- 
ble of full load rejection. 

2) Second-time step: Energize a hand-reset lockout relay, which initiates machine 
shutdown. 


12.5.5.10 Generator breaker failure protection 
A functional diagram of a typical generator zone breaker failure scheme is shown in 
Figure 12-34. Like all such schemes, when the protective relays detect an internal fault or an 


abnormal operating condition, they attempt to trip the generator and at the same time initiate 
the breaker-failure timer. 
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Figure 12-34— Functional diagram of a generator zone breaker failure 
scheme 


If a breaker does not clear the fault or abnormal condition in a specified time, the timer trips 
the necessary breakers to remove the generator from the system. As shown in Figure 12-34, 
to initiate the breaker-failure timer, a protective relay must operate and a current detector or a 
breaker “a” switch. The breaker “a” switch must be used in this case because the faults and/or 
abnormal operating conditions (e.g., stator or bus ground faults, overvoltage-to-frequency 
excitation, excessive negative sequence, excessive underfrequency, reverse power flow) may 


not produce sufficient current to operate the current detectors. 


Breaker-failure schemes are connected to energize a hand-reset lockout relay, which will trip 
the necessary backup breakers. 


12.5.5.11 VTs 
Two possible areas of concern exist with the VT used in the generator zone: 


— Blown fuses (loss of VT signal) 
—  Ferroresonance 


12.5.5.11.1 Blown fuses 


A common practice is to use two or more sets of VTs in the generator zone. These VTs, con- 
nected grounded-wye-grounded-wye, normally have secondary and possibly primary fuses 
and are used to provide potential to a number of protective relays and the voltage regulator. If 
one or more of the fuses blow in the VT circuits, the secondary voltages applied to the relays 
and voltage regulator are reduced in magnitude and shifted in phase angle. This change in 
voltage can cause both the relays (e.g., Device 21, Device 32, Device 40, Device 46, 
Device 51V) to misoperate and the regulator to overexcite the generator. 


To eliminate the possibility of such misoperations, a common practice is to apply a voltage- 


balance relay, which compares the three-phase secondary voltages of two sets of VTs as 
shown in Figure 12-35. When the two sets of VTs have output voltage alike, the relay is 
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balanced; and both the right and left contacts are open. If the fuses blow in one set of VTs, the 
resulting unbalance causes the relay to operate. When a fuse opens in any phase of one set of 
VTs, the unbalance causes its associated contact to close. When a fuse opens in the second set 
of VTs, its associated contacts close. The relay is connected to alarm, remove the voltage 
regulator from service, and block possible incorrect tripping by protective relays whose 
performance may be affected by the change in potential. The voltage-balance relay should be 
set as sensitive as possible because corrosion or poor contact of VT stabs could result in a 
voltage drop in the circuit significant enough for regulator runaway (i.e., overexcitation), but 
too small for detection by the relay. 


TO VOLTAGE TO 
PROTECTIVE BALANCE VOLTAGE 


3 RELAYS RELAY REGULATOR 


Figure 12-35—Application of voltage-balance relay 


When two sets of VTs on the generator circuit cannot be justified, the bus potential trans- 
formers may be used as the second set so long as dead bus startup of the generator is not 
necessary. 


12.5.5.11.2 VT ferroresonance 


Ferroresonance can occur when grounded VTs are connected to an ungrounded system. 
Under this condition, the voltage appearing on one or more VTs could be distorted 60 Hz or 
subharmonic voltages, and the VTs could be operating overexcitedly well in the saturated 
region. The VT exciting currents would be high; and if permitted to operate in this condition, 
the VTs would fail thermally in a relatively short time. 


The possibility of VT ferroresonance can be minimized by using line-to-line rated VTs con- 
nected line to ground. This setup, however, does not eliminate the problem. To completely 
suppress ferroresonance, applying resistance loading across each phase of the secondary 
winding is necessary. Resistance loading equal to the rated thermal capability of the VT may 
be required to suppress ferroresonance. This resistance loading should be applied to the VT 
secondaries when the VT is to be operated on an ungrounded system. This load would be 
removed when the generator is connected and the system grounding reestablished. 


12.5.5.12 Protection during startup or shutdown 


During startup or shutdown of a generator, the unit may be operated at reduced and/or 
decreasing frequency with field applied for a period of time. When operating frequency 
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decreases below rated, the sensitivity of some of the generator zone protective relays may be 
adversely affected. The sensitivity of a few relays may be only slightly reduced while other 
relays may not provide adequate protection or become inoperative. Figure 12-36 shows the 
effects of frequency on the pickup of electromechanical relays, which may be used in the 
generator zone. Some relays lose sensitivity rapidly below 60 Hz. Induction disk current 
relays could provide adequate protection down to 20 Hz while plunger relays are not 
adversely affected by off-frequency operation. Static relays have various frequency response 
characteristics. The specific effect of off-frequency operation should be checked with the 
manufacturer. 


PICK-UP IN MULTIPLES OF 60HZ PICK-UP 


FREQUENCY IN HZ 


(A) —--—-- — PLUNGER TYPE CURRENT RELAY 

(By) ——————_ INDUCTION OVERCURRENT RELAY 

 ------- GENERATOR DIFFERENTIAL RELAY 

(D —-—-—-- GENERATOR GROUND RELAY 

(ED Sire reese me HARMONIC RESTRAINT TRANSFORMER DIFFERENTIAL RELAY 
(F) ———————_ PLUNGER TYPE VOLTAGE RELAY 


NOTE: CURVES WITH LIKE LETTERS INDICATES COMPARABLE 
RELAYS OF DIFFERENT MANUFACTURERS. 


Figure 12-36—Relay pickup versus frequency 


Supplementary protection during startup or shutdown of a generator can be provided through 
the use of protective relays whose pickup is not affected by frequency, such as instantaneous 
overcurrent or plunger voltage relays. In general, this protection would be placed in service 
only when the generator is disconnected from the system. A cut-off contact may be required 
to remove the relay from service to avoid exceeding the thermal rating of the relay. 
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When generators are bused at their terminals, supplemental ground protection could be pro- 
vided by using a sensitive instantaneous overcurrent relay in series with the time-overcurrent 
relay normally used for protection. These relays are connected to CTs located on the neutral 
end of the machine phase winding. 


Supplemental phase-fault protection could be provided by placing an instantaneous relay in 
the CT phase leads. The current coils of both the phase and ground instantaneous overcurrent 
relays need to be short circuited when the machine is connected to the system if both relays 
could be picked up continuously. 


For a unit generator-transformer arrangement, supplementary ground-fault protection can be 
provided by using a plunger voltage relay connected in parallel with the normal ground 
overvoltage protection. Relays with a pickup range of below 10 V would be desirable for this 
purpose. Supplementary phase-fault protection can be provided by using plunger 
instantaneous overcurrent relays placed in series with the operate circuits of the transformer 
differential relay. The instantaneous phase overcurrent relay would be set above the 
difference current that flows in the differential circuit during normal 60 Hz operation to avoid 
damage due to continuous operation in the picked-up position. In general, the difference 
current is small, and in most instances setting the instantaneous overcurrent relay at its 
minimum pickup setting is possible. The instantaneous overcurrent relay current coil is in the 
differential circuit at all times and presents additional burden to the CTs. The ratio error of 
the CTs should be checked to ensure proper transformer differential relay operation. 


The supplementary protection for both types of generator arrangements is usually deactivated 
when the units are connected to the system. This deactivation can be accomplished by open- 
ing the trip circuits with a breaker “b” switch, directional or voltage-sensing relay, or an 
underfrequency relay. 


12.5.5.13 Inadvertent energizing 


Inadvertent or accidental energizing of off-line generators has occurred often enough to war- 
rant installation of dedicated protection to detect this condition. A number of generators have 
been damaged or completely destroyed due to inadvertent energization. Operating errors, 
breaker head flashovers, control circuit malfunctions, or a combination of these events have 
caused generators to be accidentally energized while off line. This subclause discusses the 
problem of inadvertent generator energization, the limitations of conventional generator pro- 
tection to detect this condition, and the use of dedicated inadvertent energizing protection 
schemes. 


When a generator on turning gear is energized from the power system, it accelerates like an 
induction motor. The generator terminal voltage and the current are a function of the genera- 
tor, transformer, and system impedances. Depending on the system, this current can be as 
high as 3 per unit to 5 per unit and as low as | per unit to 2 per unit of the machine rating. 
While the machine is accelerating, high currents induced into the rotor can cause significant 
damage in only a matter of seconds. 
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12.5.5.13.1 Normally available relays 


The normal relay complement for generator protection has serious limitations when trying to 
detect inadvertent energizing. Specifically, the following relays cannot be relied on to protect 
the generator for all inadvertent energizing conditions: 


—  Loss-of-excitation relays 
— _ Reverse-power relays 
— System backup relays 
—  Negative-sequence relays 


12.5.5.13.2 Dedicated protection schemes 


Unlike conventional schemes, which provide protection when the generator is on line, dedi- 
cated protection schemes are designed to protect the generator when it is off line. Great care 
is required to ensure that dc tripping power and input quantities are not removed when the 
generator is off line. Consideration should be given to locating this protection where it is less 
likely to be disabled during generator maintenance. 


Relays that are voltage dependent are disabled if the standard procedure is to remove VT 
fuses when the machine is off line. For reverse-power relays, with the potential applied, a 
voltage drop of 50% or more usually renders them inoperative. Relays with intentional time 
delay for coordination are too slow to provide any substantial protection for inadvertent 
energization. 


When assessing whether a relay provides adequate protection, determining its status when 
the generator is off line is necessary. Numerous cases have been reported where all of the 
generator protection was inoperative when the machine was accidentally energized. 


Common schemes used to detect inadvertent energizing are 


— Directional overcurrent relays 

— _ Frequency-supervised overcurrent 

— Distance relay scheme 

—  Voltage-supervised overcurrent 

— Auxiliary contacts scheme with overcurrent relays 


For information on the application of these relays for inadvertent energization protection, see 
TEEE Std C37.102-1993. 


12.5.5.13.3 Summary recommendations 


Inadvertent energization protection was added to alert protection engineers to the real and 
devastating consequences of inadvertently energizing a generator. Conventional generator 
protection schemes are typically insensitive or so slow to operate that they do not prevent the 
generator and prime mover from being damaged. Therefore, it is recommended that some 
form of dedicated inadvertent energizing scheme be used as part of an overall generator 
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protection package. This scheme should be isolated so that there is good assurance that it will 
not be disabled during plant shutdown or maintenance. 


12.5.5.14 Transmission-line reclosing near generating stations 


Switching operations involving the opening and closing of circuit breakers at or near a 
generating station can produce transient power and current oscillations, which can stress or 
damage turbine generators. Of particular concern are the switching operations that produce 
torsional oscillations and shaft torques, which may cause major shaft fatigue damage in one 
or relatively few incidents of severe switching disturbances. The switching disturbances of 
primary concern are 


— Steady-state switching of lines 
— High-speed reclosing of circuit breakers following transmission-line faults 


12.5.5.14.1 Steady-state switching of lines 


The switching of lines near a generating station for maintenance can produce a step change in 
power, which can result in transient mechanical forces on both the rotating and stationary 
components of a turbine generator. This sudden change in power is a function of the 
switching angle across an open circuit breaker and the system impedance. If this change in 
power exceeds 0.5 per unit, the turbine-generator manufacturer should be consulted in order 
to determine whether potential exists for significant damage. 


12.5.5.14.2 High-speed reclosing following system faults 


High-speed reclosing of transmission lines at or near a generating station following a fault 
has the potential for causing major shaft fatigue damage to a turbine generator. Of particular 
concern is the possibility of an unsuccessful reclosure into a persistent fault, which may 
reinforce the torsional oscillations and shaft torques caused by the original disturbance and 
thereby cause a significant loss in fatigue life of turbine-generator shafts. 


In order to minimize the potential detrimental effects of high-speed reclosing of transmission 
lines near generating stations, alternative reclosing practices should be investigated as a 
means for reducing fatigue duty. 


12.5.5.15 Synchronizing 


Improper synchronizing of a generator to a system can result in damage to any type of 
generating unit. The damage incurred can be slipped couplings, increased shaft vibration, a 
change in bearing alignment, loosened stator windings, loosened stator laminations, and 
fatigue damage to shafts and other mechanical parts. 


In order to avoid damaging a generator during synchronizing, the generator manufacturer 
generally provides synchronizing limits in terms of breaker-closing angle and voltage 
matching. Typical limits include the following: 
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a) Breaker-closing angle: within 10 electrical degrees. The closing of the circuit 
breaker should ideally take place when the generator and the grid are at 0° phase 
angle with respect to each other. To achieve this result, the breaker must be closed 
enough in advance of the point of phase-angle coincidence to account for the breaker- 
closing time. This is mathematically expressed as 


A = 360(Fs)(Ts) 


where 


@ A is the advance angle (°), 
Fs is the slip frequency (Hz), 


Ts; is the breaker closing time (s). 


b) Voltage matching: 0% to +5%. The voltage difference should be minimized and not 
exceed 5%. This limit aids in maintaining system stability by ensuring some var flow 
into the system. Additionally, if the generator voltage is excessively lower than the 
grid when the breaker is closed, sensitively set reverse-power relays may trip. 

c) Frequency difference: less than 0.067 Hz. The frequency difference should be 
minimized to the practical control and response limitations of the given prime mover. 
A large frequency difference causes rapid load pickup or excessive motoring of the 
machine. This effect manifests itself both as power swings on the system and as 
mechanical torques on the machine. Additionally, if the machine is motored, 
sensitively set reverse-power relays may trip. 


Slip frequency limits applied for certain machine types are based on the ruggedness of the 
turbine generator under consideration and the controllability of the turbine generator. 


The synchronizing approaches used to minimize the possibility of damaging a generator 
include 


— Automatic synchronizing 
— Semiautomatic synchronizing 
— Manual synchronizing 


12.5.5.15.1 Automatic synchronizing system 


Complete automatic synchronizing includes an integrated combination of elements that 
monitor voltage magnitude, phase angle, and rate of change of the phase angle across a 
controlled circuit breaker. It takes into account the closing time of the controlled breaker to 
predict when to initiate closing. This system includes an automatic synchronizer and 
elements (e.g., relays or modules) to monitor and control the frequency and voltage of the 
generator. 


The synchronizing relay measures the speed of the generator relative to the system, measures 
the phase angle between the generator and the system, and then gives a closing impulse to the 
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breaker at the correct angle in advance of synchronism to ensure that the breaker poles close 
when the machine and system are in phase. 


The speed-matching relay is used to automatically match a generator frequency to a system 
frequency. To accomplish this match, the relay produces signals that can be used to raise or 
lower generator speed. In general, for synchronization, generator speed is adjusted to be 
slightly higher than system frequency to prevent motoring or tripping on reverse power. 
Sync-check relays are often applied with automatic synchronizers to supervise the automatic 
control function. 


12.5.5.15.2 Manual and semiautomatic synchronizing system 


The manual synchronizing system relies on the operator’s judgement for breaker closure 
while controlling generator voltage and frequency. The information required for the operator 
to make a closing decision is provided by a group of instruments. The operator’s action may 
be supervised by additional devices, which are transparent to the operator, i.e., the devices act 
as permissive only and do not match speed and voltage or initiate closure. 


The semi-automatic synchronizing system has aspects of both the manual and the automatic 
systems in that the operator has supervision of the automatic device and may directly control 
the generator speed and voltage. The relay used to perform the supervisory function is a sync- 
check relay. 


12.5.6 Tripping schemes 
12.5.6.1 Protection philosophy 


Once the task of selecting the desired array of protective relays for the generator has been 
completed, then decisions must be made that determine how the prime mover-generator set is 
to be shut down. This determination should consider more than simply disconnecting the 
generator from the electrical system. The basic operations in initiating shutdown of a prime 
mover-generator set are as follows: 


a) Trip the generator breaker. 

b) Open the excitation source (i.e., trip the field breaker). 

c) Remove the prime mover energy source (i.e., close the throttle valve). 
d) Initiate an alarm. 


The precise manner in which these operations are accomplished is dependent on many 
factors: 


— __ Reasons for tripping 

— Type of prime mover (e.g., diesel or gas engine, gas turbine, steam turbine, 
waterwheel) 

— Impact of the sudden loss of output power on the electrical system and the process 
that it serves 

— Environmental considerations (if any) 
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— Safety to personnel 
— Operating experience that focuses on a specific problem requiring special 
consideration 


12.5.6.2 Tripping modes 


Table 12-3 provides guidance in developing trip logic for the protective devices referred to in 
this chapter. It should serve as a basis for generator protection logic. Individual trip logic 
varies depending upon the owner’s preference and the abilities of the prime mover and its 
supply system. 


The arrangement of the lockout and tripping relays should provide redundancy in both trip 
paths and trip functions so that backup relays trip a separate lockout relay from the primary 
protection. Four methods for isolating the generator following electrical and abnormal oper- 
ating conditions are common: 


a) Simultaneous tripping. In the simultaneous tripping mode, the protective relays 
isolate the generator by tripping the generator breakers, tripping field breaker, and 
shutting down the prime mover by closing the turbine valves, all at the same time. 
This mode is used for all internal generator faults and severe abnormalities in the 
generator protection zone. Auxiliary loads are transferred to a standby source. In 
some instances, a time delay is used in the breaker tripping chain if a potential exists 
for significant overspeed of the unit. If time delay is used, the effect of this delay on 
the generator and/or system should be determined. 

b) | Generator tripping. In the generator tripping mode, the protective relays trip the main 
generator breakers and the field breaker. This mode trips the generator for power 
system disturbances. This mode does not shut down the prime mover and is used 
where it may be possible to correct the abnormality quickly and thereby reconnect 
the machine to the system in a short time. This tripping mode may not be possible 
with some types of prime movers, governors, and boiler systems that are not capable 
of a quick response following a load rejection. In these instances, shutting down the 
prime mover is necessary for all faults and abnormal operating conditions. 

c) Unit separation tripping. The unit separation mode is a variation of generator trip- 
ping mode where only the main generator breaker is tripped. This mode is used when 
maintaining the unit auxiliary loads connected to the generator is desirable. The 
advantage of this mode is that the generator can be reconnected to the system with 
minimum delay. The same precautions described for generator tripping mode apply. 

d) Sequential tripping. In the sequential tripping mode, the turbine valves are tripped 
first. When the turbine control system indicates that the turbine has tripped, tripping 
of the main generator breakers and the field breakers is initiated. This mode is 
primarily used for steam turbines when delayed tripping has no detrimental effect on 
the generator. The inclusion of a reverse-power relay in series with a mechanical 
signal indicating that the turbine has been tripped provides security against possible 
overspeed by ensuring that steam flows have been reduced below the amount 
necessary to produce an overspeeding condition before the generator circuit breakers 
are tripped. The reverse-power relay time delay could be as low as 3s for this 
application. If time delay is used, the effect of this delay on the generator and/or 
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Table 12-3—Trip logic table 


Unit 
separation 
trip 


Sequential 
trip 


Simultaneous Generator 
trip trip 


Device 


Prime mover 


Generator breaker 


Field breaker 


Transfer auxiliaries 


21 or 51V 


24 


32 


40 


46 


49 


NOTES 

1—If 21/51V is used as primary protection, use simultaneous trip method. If used as backup, use 
unit separation trip method. 

2—Device 59 should initiate a simultaneous trip at hydro units. Thermal units only need to be 
alarmed. 
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system should be determined. If this approach is used, backup protection, in the form 
of motoring protection, should be provided to ensure the generator main and field 
breakers are tripped if the sequential trip signal fails. 


This protection should not override the generator switchyard protection that instantaneously 
opens the generator breaker when a critical electrical fault occurs that might cause serious 
and certain damage to the generator or switchyard equipment. 


12.5.7 Recommended protection schemes 
The recommended protection schemes for generators are given by machine sizes. 


a) Small (i.e., 1000 kVA maximum up to 600 V; 500 kVA maximum above 600 V) 
b) Medium (ie., from small machine sizes up to 12 500 kVA regardless of voltage) 
c) Large (i.e., from medium machine sizes up to approximately 50 000 kVA) 


Any recommendation based entirely on machine size is not entirely adequate. The impor- 
tance of the machine to the system or process that it serves and the reliability required from 
the generator are important factors in the selection of the protective devices for the generator. 


12.5.7.1 Small generators 


The basic minimum protection for a single-isolated machine, as shown in View (a) of 
Figure 12-37, consists of the following devices: 


— Device 51V, backup overcurrent relay (either voltage-restrained or voltage- 
controlled) 


— Device 51G, backup ground time-overcurrent relay 


Additional protection that should be considered for multiple machines on an isolated system, 
as shown in View (b) of Figure 12-37, are as follows: 


— Device 32, reverse-power relay for antimotoring protection 

— Device 40, reverse var relay for loss-of-field protection 

— Device 87, instantaneous overcurrent relays providing self-balance differential 
protection 


For generators having excitation systems that do not have the ability to sustain the short- 
circuit current, even the basic minimum recommendations do not apply. These machines are 
typically single-isolated units having very small kilovoltampere ratings. 

12.5.7.2 Medium generators 

The basic minimum protection for machines rated up to 12500 kVA, as shown in 


Figure 12-38 consists of the following devices: 
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ALTERNATE 
LOCATION 


PREFERRED 
LOCATION 


(a) (b) 


a) Single-isolated generator on low-voltage system 
b) Multiple-isolated generator on medium-voltage system 


Figure 12-37—Typical protective relaying scheme for small generators 


Device 51V, backup overcurrent relays (either voltage-restrained or voltage- 
controlled) 

Device 51G, backup ground time-overcurrent relay 

Device 87, differential relays (either fixed- or variable-percentage; standard-speed, 
high-speed, or self-balance, when applicable) 

Device 32, reverse-power relay for antimotoring protection 

Device 40, impedance relay (i.e., offset mho) for loss-of-field protection (single 
element 

Device 46, negative-phase-sequence overcurrent relay for protection against 
unbalanced conditions 

Device 64F, generator field ground relay 


12.5.7.3 Large generators 


The recommended protection for the large industrial service generators is shown in 
Figure 12-39 and described as follows: 


510 


Device 51V, backup overcurrent relays (either voltage-restrained or voltage- 
controlled) 

Device 51G, backup ground time-overcurrent relay 

Device 87, differential relays (i.e., high-speed variable-percentage) 

Device 87G, ground differential relay (i.e., directional product) 

Device 40, impedance relay (i.e., offset mho) for loss-of-field protection (two 
element for greater sensitivity) 

Device 46, negative-phase-sequence overcurrent relay for protection against 
unbalanced conditions 
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— Device 49, temperature relay to monitor stator winding temperature 
— Device 64F, generator field ground relay 
— Device 60, voltage-balance relay) 


OPTIONAL 


VOLTAGE REGULATOR & 
METERING CIRCUITS 


VOLTAGE REGULATOR & 
METERING CIRCUITS 


Figure 12-39—Typical protective relaying scheme for large generators 
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Figure 12-39 shows the bus potential transformers being used to supply potential to the 
generator relays. This application is acceptable providing that circuitry is provided to 
disconnect the relay potential when the generator is out of service. The preferred arrangement 
is to provide two sets of potential transformers at the generator terminals. 


The bus differential relays (Device 87B), shown in Figure 12-39, are recommended when the 
large generators are connected to the system. Although they are not a part of the generator 
protection scheme, they provide high-speed clearing of bus faults; therefore, the generator 
backup overcurrent relays are not required to perform this primary protective function. This 
setup greatly improves the level of protection and reduces the thermal stresses that would 
otherwise be imposed on the generator and its components. 


12.6 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ANSI C50.13-1989, American National Standard Requirements for Cylindrical Rotor 
Synchronous Generators 2 


IEEE Std 67-1990 (Reaff 1995), IEEE Guide for Operation and Maintenance of Turbine 
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IEEE Std C37.101-1993, IEEE Guide for Generator Ground Protection. 
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TEEE Std C62.92-1989, IEEE Guide for the Application of Neutral Grounding in Electrical 
Utility Systems. 
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Chapter 13 
Bus and switchgear protection 


13.1 General discussion 


The substation bus and switchgear are the parts of the power system used to direct the flow of 
power to various feeders and to isolate apparatus and circuits from the power system. These 
parts include the bus bars, circuit breakers, fuses, disconnection devices, current transformers 
(CTs), voltage transformers (VTs), and the structure on or in which they are mounted. The 
term bus refers to the bus within an assembly of equipment [e.g., medium-voltage, metal- 
enclosed switchgear, medium-voltage control, low-voltage switchgear, power switchboards, 
panelboards, motor control centers (MCCs), bus duct]. 


To isolate bus faults, all power source circuits connected to the bus are opened electrically by 
circuit breakers responding to relay action, by direct-acting trip devices on low-voltage 
circuit breakers, or by fuses. This disconnection shuts down all loads and associated 
processes supplied by the bus and may affect other parts of the power system. 


In view of the system downtime resulting from a bus fault, the equipment should be designed 
to be as nearly fault proof as practicable. For example, the use of metal-clad switchgear 
enhances reliability because the enclosure protects the bus from direct lightning strokes. 
Medium-voltage metal-clad switchgear uses insulated bus bars as standard. Such bus bars 
reduce accidental faults caused by foreign objects or rodents. Using metal-enclosed bus duct 
or insulated cable not directly exposed to lightning contributes to reliability. 


To further reduce the occurrence of faults, the bus and associated equipment should be 
installed in a location where they are least subjected to deteriorating environmental condi- 
tions. A preventive maintenance program is essential to detect deterioration, to make repairs, 
and to check and test relay performance before a fault occurs (see Killin [B4] Hy 


Regardless of the steps taken to avoid bus faults, such faults occasionally occur. High-speed 
protective relaying or appropriately rated fuses should be used to minimize fault duration. 
Shorter faults limit damage and mitigate the effects on other parts of the power system. Pro- 
viding proper bus protection requires a well-designed system. Each equipment assembly 
should be provided with a main protective device for each power source, either as an integral 
part of the assembly or in a remote location. If the main protective device is omitted in an 
assembly and provided by an upstream device, the installation may be acceptable if coordi- 
nated protection is provided. The main circuit breaker sometimes is omitted at the secondary 
of a power transformer that is protected on the primary. This setup reduces the effectiveness 
of secondary bus protection because the transformer reduces the sensitivity of the primary 
protection for secondary faults. 


'The numbers in brackets preceded by the letter B correspond to those of the bibliography 13.10. 
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When industrial power systems are grounded through a resistance or reactance to limit fault 
damage, the short-circuit current available to detect a ground fault is small and requires 
sensitive protective relaying. Furthermore, a delta-wye transformer connection essentially 
isolates the primary device from ground faults, especially when the wye connection is low- 
resistance-grounded. In this case, providing sensitive ground-fault relaying is important to 
initiate the opening of all sources that can feed the fault (see Chapter 8). 


When supplementary bus differential protective relaying is used, it is essential that it operate 
only for bus or switchgear faults. False tripping on external faults is unacceptable. 


13.2 Types of buses and arrangements 


The substation bus may have many different arrangements depending on the requirements for 
continuity of service requirements for the bus and essential feeders supplied from the bus. 
Refer to IEEE Std C37.97-1979.” The methods of protecting substation buses and switchgear 
vary depending on voltage and the arrangement of the buses. The bus arrangements most 
applicable to industrial power systems are shown in Figure 13-1, Figure 13-2, Figure 13-3, 
and Figure 13-4. A simple radial system is similar to Figure 13-1 except with only one utility 
line and supply transformer. 


UTILITY UTILITY 
LINE 1 LINE 2 


ABOVE 15 000 V 


| SUPPLY LINE OR 
|. TRANSFORMER 

1 PROTECTION 
ae AREA 


\ BUS AND 
\ SWITCHGEAR 
I PROTECTION 
AREA 


15 000 -- 601 V 


I FEEDER 
PROTECTION 


La AREA 


600 V AND BELOW 


Figure 13-1—Single-bus scheme with bus differential relaying 


Industrial power system voltages fall into three categories: above 15 000 V, from 15 000 V to 
601 V, and at or below 600 V. The industrial power system usually includes only any distribu- 
tion bus 15 000 V and below. However, it may include the distribution, subtransmission, or 


2Information on references can be found in 13.9. 
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Figure 13-3—Double-bus scheme with bus differential relay 
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Figure 13-4—Synchronizing-bus scheme with bus differential relaying 


Copyright © 2001 IEEE. All rights reserved. 517 


IEEE 
Std 242-2001 CHAPTER 13 


transmission substation bus at a higher voltage level possibly up to about 35 kV. Bus protec- 
tive relaying at this level may create a panel space problem in sections of equipment supplied 
by the electric utility. Usually the industrial facility provides the high-voltage bus relaying. 
Compliance with utility practice is mandatory in most cases. Chapter 14 gives further infor- 
mation on utility service supply-line requirements. (See also Beckmann, et al. [B1]) 


13.3 Bus overcurrent protection 


Most systems are radial, and overcurrent protection on each incoming power source circuit 
can provide adequate bus protection. 


On medium- and high-voltage systems, fuses or overcurrent relays that trip circuit breakers 
are used. They are supplemented with sensitive ground relays when the system is low- 
resistance-grounded. Chapter 4 of this recommended practice gives details on relays and 
procedures for proper settings; Chapter 5 and Chapter 6 cover fuse application; and Chapter 8 
covers ground-fault protection. 


On low-voltage systems, most applications use circuit breakers or fuses. The introduction of 
electronic trip units for low-voltage circuit breakers to perform the sensing and timing func- 
tions provided significant improvements in the quality of protection for low-voltage circuits 
and apparatus. Chapter 7 describes how to use low-voltage circuit breakers to their best 
advantage. Chapter 5 covers low-voltage fuse application. 


Separate circuitry detects ground faults at much lower levels and clears them much faster 
than is possible with direct-acting electromechanical phase-overcurrent devices alone. 
Electronic trip units are available with integral sensitive ground elements. The National 
Electrical Code® (NEC®) (NFPA 70-1999) requires ground-fault protection on solidly 
grounded wye-connected electric services of more than 150 V to ground, but not exceeding 
600 V phase to phase, for the following devices: 


a) Any service-disconnecting means rated 1000 A or more (see Article 230-95) 
b) Any feeder disconnect rated 1000 A or more (see Article 215-10) 


c) Each building or structure main disconnecting means rated 1000 A or more (see 
Article 240-13) 


Overcurrent relays and trip devices should have time-delay and high-current settings to pre- 
vent opening the source circuit breakers upon the occurrence of a feeder fault. As a result, 
they cannot provide sensitive high-speed bus and switchgear protection. 


An inverse or definite time-overcurrent relay connected to a CT in the power transformer 
neutral-to-ground circuit provides good sensitivity for ground faults. It should be set to be 
selective for feeder faults. If the feeders have ground-sensor instantaneous protection, only a 
short-time delay is needed on the relay in the transformer grounding circuit. Because most 
faults are ground faults or eventually become ground faults, good ground-fault protection 
greatly improves bus overcurrent protection. 
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13.4 Medium- and high-voltage bus differential protection 


Bus differential relaying can provide high-speed, sensitive, improved protection and 
selectivity for buses and switchgear. It is sometimes used in addition to overcurrent protection 
and permits complete overlapping with the other power system relaying as indicated in 
Figure 13-1, Figure 13-2, Figure 13-3, and Figure 13-4. Bus differential relaying normally is 
applied to more complex systems, which have multiple sources and perhaps multiple buses at 
the same voltage level. The principle reason for selecting such protection is to ensure 
protective device coordination that de-energizes the bus only when absolutely necessary. This 
goal justifies the extra cost of high-speed bus differential relaying. 


The basic principle is that under normal conditions the phasor sum of all measured currents 
entering and leaving the bus should be zero. Otherwise, a fault has occured within the 
protected zone. Where justified, ground-fault differential relaying should be added to the 
medium-voltage wye-connected source transformer for the bus. This addition provides 
relatively inexpensive selective protection using standard transformers and an auxiliary CT 
connection. 


Differential relaying is provided to supplement overcurrent protection. It is frequently used 
on a 15 kV bus, sometimes on a 5 kV bus, and rarely on any low-voltage bus. The following 
factors determine whether this relaying should be provided (see Cable, et al. [B2]): 


a) Degree of exposure to faults. For example, open outdoor buses have a high degree of 
exposure; and metal-clad switchgear, properly installed and in a clean environment, 
have minimum exposure. Contaminated environments increase the possibilities of 
faults, and equipment located in these environments needs better protection. 


b) Power system stability. The capability of a system to return to a stable, steady-state 
mode of operation after a system disturbance may require high-speed bus differential 
relaying. The faster clearing time obtained with high-speed differential relaying 
enhances the probability of maintaining stability for the duration of a fault. 


c) Use of sectionalized bus arrangements. Sectionalized bus arrangements make differ- 
ential protection more useful and desirable, particularly when secondary-selective 
distribution systems are used. The faulted bus can be isolated quickly and continuity 
of service maintained to a portion of the load served by any other bus. 


d) = Effects of bus failure on other parts of the power system and associated processes. If 
a long scheduled outage period for repairs can be tolerated, differential protection 
may not be economically justified. On a major plant bus, the cost of differential relay- 
ing is usually insignificant when compared with the reduction in damage to the 
equipment and the reduced scheduled outage of important plant or process facilities. 


If problems exist in coordinating the system overcurrent relay settings, differential relaying is 
effective in obtaining selectivity. An example is a system including multiple major bus distri- 
bution lineups at the same voltage level, with one bus feeding another. This configuration 
generally results in unacceptably high overcurrent relay settings to obtain coordination. 
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On a bus fed by a local generator, bus differential relaying is recommended to clear the bus 
quickly and hold the rest of the system together. The overcurrent relays used to protect gener- 
ator circuits generally take considerable time to operate. 


The differential protection methods generally used (in the order of the quality of protection 
they provide) are 


—  Voltage-responsive and linear coupler 

— Percentage differential (where applicable) 

— Current responsive 

— Partial differential (sometimes not considered a differential scheme and called current 
summation) 


Because the differential relay should trip all circuit breakers connected to the bus, a 
multicontact auxiliary relay is needed. This auxiliary device should be a high-speed lockout 
relay, with contacts in the circuit breaker closing circuits to prevent panic manual closing of a 
circuit breaker on the fault. The lockout relay should be reset by hand before any circuit 
breakers can be closed. 


13.4.1 Voltage differential relaying 


Voltage differential relaying uses “through” iron-core CTs. Using a voltage-responsive (or 
high-impedance) operating coil in the relay overcomes the problem of CT saturation. Sepa- 
rate CTs are required in each bus-connected circuit as shown in Figure 13-5. Voltage 
differential bus protection is not limited as to the number of source and load feeders and has 
the following features: 


a) High-speed operation on the order of | cycle to 3 cycles. 

b) High sensitivity that can be set to operate on low values of phase- or ground-fault cur- 
rents in most installations. 

c) Relay that operates from all standard bushing CTs and from switchgear through CTs 
with distributed windings. 

d) Relay that is not adversely affected by CT saturation, dc component of fault current, 
or circuit time constant. 

e) Discrimination between external and internal faults, obtained by relay settings with 
no required restraint or time delay. 


All CTs should have the same ratio unless high-impedance relays suitable for use with differ- 
ent ratio CTs are used. Auxiliary CTs should not be used to match ratios. CTs with different 
maximum ratios can be matched by operating the high-ratio transformers as autotransformers 
using an intermediate tap to obtain a match with the maximum tap of the lower ratio CTs. 


All CTs should have low secondary leakage reactance; wound CTs are generally not suitable. 
Bushing CTs constructed on toroidal cores with completely distributed windings generally 
have negligible leakage reactance. A distributed winding starts and ends at the same point on 
the core. Through CTs having suitable characteristics are available for use in switchgear 
assemblies. 
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Figure 13-5— Voltage differential relaying 


The relay should fulfill two requirements: 


— First, it should not trip for any fault external to the zone of protection. 
— Second, it should be capable of operating for all faults internal to the zone of 
protection. 


Considering the first requirement, refer to Figure 13-5. Assume a three-circuit-breaker bus 
with a fault at the location shown. Consider for simplicity only one of the three phases. For 
the fault F’; indicated, the fault current J; flows through Circuit Breaker 3 with the currents 
flowing through Circuit Breaker | and Circuit Breaker 2. Each current is smaller than, but 
together sum up to, /,. Assume that the CTs behave ideally. Then the CT secondary current 
produced at Circuit Breaker 3 balances the sum of the currents produced at Circuit Breaker 1 
and Circuit Breaker 2. This current circulates in the CT secondary circuits and produce little, 
if any, voltage across Point A and Point B. 


If, for some reason, the CT secondary current at Circuit Breaker 3 does not balance the sum 
of the currents produced by the CTs at Circuit Breaker 1 and Circuit Breaker 2, excess or dif- 
ference current is forced to flow through CT 3 and cause the voltage across Point A and 
Point B to increase to a point where the relay (Device 87B) will tend to operate. It thus 
becomes apparent that the CT at Circuit Breaker 3 has a greater tendency to saturate than the 
CTs at Circuit Breaker | and Circuit Breaker 2, for the given fault location, because Circuit 
Breaker 3 sees the total current while the other two circut breakers each see only a fraction of 
the total. From the point of view of the relay, the worst condition would be where the CTs at 
Circuit Breaker 3 saturate almost completely and hence produce no detectable secondary cur- 
rent, while the CTs at Circuit Breaker 1 and Circuit Breaker 2 do not saturate at all and, 
hence, reproduce the current faithfully. For complete saturation, the mutual reactance of the 
bushing CT approaches zero. If it has no appreciable secondary leakage reactance, then the 
only secondary impedance of the CT is its winding resistance. Thus, for complete saturation 
of the CT at Circuit Breaker 3, the voltage developed between Point A and Point B is the 
product of (J; + J>) and the sum of the total resistance in the circuit between Point A and 
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Point B and CTs at Circuit Breaker 3 (including the CT secondary resistance). The differen- 
tial relay is set so that it does not operate for this voltage. It is obvious that this voltage 
depends on the magnitude of the fault current, the type of fault, and the total resistance. In the 
case of internal faults, the secondary currents do not circulate, but rather result in a high 
enough secondary voltage to cause the relay to operate. 


A nonlinear resistor or a voltage-limiting circuit is connected in parallel with the sensitive 
high-impedance operating coil to limit the voltage that may be attained during high internal 
faults. To obtain higher speed operation for high internal faults, the unit is connected in series 
with the nonlinear resistor. 


When offset-fault current occurs or residual magnetism exists in the CT core, or both, an 
appreciable dc component in the secondary current is present. This condition has caused false 
tripping when simple unrestrained low-impedance relays are used for bus differential. Voltage 
differential relays are made insensitive to the dc component by connecting the relay-sensitive 
operating coil in series with a capacitor and reactor. The circuit is resonant at the fundamental 
power frequency, and the dc component is blocked by the series capacitor (see Seeley and 
von Roeschlaub [B5]). 


13.4.2 Air-core CT (or linear coupler) method 


The air-core CT method provides extremely reliable high-speed bus protection. It is highly 
flexible to future expansion and system changes. The couplers can be open-circuited without 
any difficulties to simplify switching circuits. The operating time for one type of linear cou- 
pler system is 1 cycle or less above 150% of pickup and 1 cycle for another type of linear 
coupler system. This scheme eliminates the difficulty due to differences in the characteristics 
of iron-core CTs by using air-core mutual inductances without any iron in the magnetic cir- 
cuit. Therefore, it is free of any dc or ac saturation. 


The linear couplers of the different circuit breakers are connected in series and produce 
secondary voltages that are directly proportional to the primary currents going through the 
circuit breakers, as shown in Figure 13-6. 


With the simple series circuit shown in Figure 13-6, 


E 


sec 


IRE Zet+ Zc 


7 I jr4M 
Zr-Yi2c 
where 
Ese 18 voltage induced in linear coupler secondary, 
Ipri ‘18 primary current (rms symmetrical), 
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Figure 13-6—Linear coupler bus protective system with typical values 
illustrating its operation on internal and external faults 


Ir is current in relay and linear coupler secondary, 


M is mutual impedance, 0.005 W, 60 Hz, 
Zc is self-impedance of linear coupler secondary, 


ZR is impedance of relay. 


During normal conditions or for external faults, the sum of the voltage produced by the linear 
couplers equals zero. During internal bus faults, however, this voltage is no longer zero and is 
measured by a sensitive relay that operates to trip circuit breakers and clear the bus. 


Linear couplers are air-cored mutual reactors wound on nonmagnetic toroidal cores so that 
the adjacent circuits do not induce any unwanted voltage. For the conductor within the toroid, 
5 V is induced per 1000 A of primary current. Therefore, by design, the mutual impedance M 
is 0.005 W, 60 Hz. In other words, E,.,. = Ip,; M. 


Electronic voltage differential relays are also available, providing faster operating times than 
electromechanical relays. 


13.4.3 Percentage differential relay 


Where relatively few circuits are connected to the bus, relays using the percentage differential 
principle may be employed. These relays are similar to transformer differential relays that are 
described in Chapter 11. The problem of application of percentage differential relays for bus 
protection, however, increases with the number of circuits connected to the bus. It requires 
that all CTs supplying the relays have the same ratio and identical characteristics. Variation in 
the characteristics of the CTs, particularly the saturation phenomena under short-circuit 
conditions, presents the greatest problem for this type of protection and often limits it to 
applications where only a limited number of feeders are present. 
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13.4.4 Current differential relaying 


When voltage or linear coupler differential protection cannot be economically justified, a less 
expensive current differential scheme may be considered. This scheme utilizes simple 
induction overcurrent relays connected to respond to any difference between the currents fed 
into the bus and the current fed from the bus. The CT arrangements are the same as shown in 
Figure 13-1, Figure 13-2, Figure 13-3, and Figure 13-4. The connections are as shown in 
Figure 13-5. 


Chapter 4 gives details on these relays. A special form of overcurrent relay is available with 
an internally mounted auxiliary relay with connections to permit testing the integrity of the 
CT circuits for accidental ground faults and open circuits. The connections are arranged so 
that while checking on one phase, the relays in the other two phases are still providing 
protection. 


13.4.5 Partial differential protection 


Partial differential protection, sometimes called summation overcurrent relaying, is a 
modification where one or more of the load circuits are left uncompensated in the differential 
system (see Figure 13-7). For this reason, naming it a differential scheme may be a 
misnomer. This method may be used as primary protection for buses with loads protected by 
fuses, as backup to a complete differential protection scheme, and as local backup protection 
for stuck load circuit breakers, which fail to operate when they should. The phase overcurrent 
relays are set above the total bus load or the total rating of all loads supplied from the bus 
section. 


ri rains 7 Le e 
»’K 


LOADS LOADS 


Figure 13-7—Partial differential relaying (three-breaker scheme) 


When a normally closed tie breaker separates loads as shown in Figure 13-7, this scheme can 
provide selectivity between the two sources. In a conventional scheme with relays on each 
incoming line, a fault on either bus results in a loss of both incoming lines because their 
settings are identical. With the partial differential scheme, a fault on one bus causes a 
summation of currents in one set of relays, and a subtraction of currents in the other set of 
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relays (not shown). This difference in currents allows the incoming line relays to be selective, 
and only the faulted bus is de-energized. 


Partial differential relays should provide enough time delay to be selective with relays on the 
load circuits. Consequently, the sensitivity and speed of partial differential protection is not as 
good as for full differential protection. 


13.5 Backup protection 


If the primary protective system fails to operate as planned, some form of backup relaying 
should be provided in the industrial power system or in the power supply system. 


Bus backup protection is inherently provided by the primary relaying at the remote ends of 
the supply lines. This setup is known as remote backup protection. It may not be adequate 
because of system instability and effects on other power systems, and local backup relaying 
may be necessary. The performance of various remote and local backup relaying schemes has 
been analyzed (see Kennedy and McConnell [B3]). Chapter 14 gives further information on 
utility service supply-line requirements and the backup protection by utility relaying. (See 
also Beckmann, et al. [B1]) 


Circuit breaker failure can cause catastrophic results, such as complete system shutdown. 
Local circuit breaker failure or stuck circuit breaker relay schemes are available to quickly 
trip line-side circuit breakers if the circuit breaker on the faulted circuit fails to operate within 
a specified time. However, those schemes are normally applied only on buses where the extra 
expense can be economically justified. 


13.6 Low-voltage bus conductor and switchgear protection 


Low-voltage bus and switchgear are often protected by current-limiting fuses, sized to the 
full-load rating when bus and switchgear have bus bracings that are less than the available 
fault current. Current-limiting fuses are often used to limit the fault current to levels that the 
bus and switchgear can handle. 


When the short time-delay setting on a circuit breaker exceeds 3 cycles, the bus and 
switchgear need to be tested and specified for that period, which is longer than usual: 
standard bracing tests are for 3 cycles only. 


To reduce the possibility of destructive arcing ground faults on 480Y/277 V systems, the 
480 V bus may be insulated. Preventing a ground fault from occurring is far better than shut- 
ting down a system or a part of a system after a ground fault has occurred. 
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13.7 Voltage surge protection 


Protection against voltage surges due to lightning, arcing, or switching is required on all 
switchgear connected to exposed circuits entering or leaving the equipment. A circuit is 
considered exposed to voltage surges if it is connected to any kind of open-line wires, either 
directly or through any kind of cable, reactor, or regulator. A circuit connected to open-line 
wires through a power transformer is not considered exposed if adequate protection is 
provided on the line side of the transformer. Circuits confined entirely to the interior of a 
building, such as an industrial plant, are not considered exposed to lightning surges, and may 
not require lightning surge protection. Contact the utility serving the premises to determine 
the possibility of switching surges resulting from capacitor switching. 


Many systems now employ banks of capacitors to correct for low power factor. This setup is 
especially important for cogeneration projects. Failure of controls for these capacitors can 
lead to escalating voltage surges. Either oil or vacuum switches used to switch capacitor 
banks can initiate voltage surges during switching. 


Protection is provided by surge arresters connected, without fuses or disconnecting devices, 
at the terminals of each exposed circuit (see 7.7.2 in IEEE Std C37.20.2-1999 and 7.8 in 
IEEE Std C37.20.3-2001). Surge protection connected directly to the bus is not recom- 
mended as the reliability of the bus will be diminished. 


Modern metal oxide arresters are highly nonlinear resistors with sharply decreasing 
resistance as impressed voltage is increased. As such, they are extremely sensitive to the 
system line-to-ground operating voltage and to temporary line-to-ground power-frequency 
overvoltages (TOV). Metal oxide arresters have maximum continuous operating voltage 
(MCOV) ratings that should not be exceeded by the anticipated maximum line-to-ground 
system operating voltage. Arrester manufacturers provide TOV-versus-time capability data to 
facilitate proper allowance for TOV. Normally the unfaulted phase-to-ground voltage 
associated with a single-line-to-ground fault is considered the TOV magnitude. An assumed 
time duration of the TOV should be established to determine TOV duty on the arrester. As a 
minimum, this value is ground-fault clearing time plus a generous margin. Often 10s is 
selected, which is a typical neutral resistor specified time capability. In resistance-grounded 
and ungrounded medium-voltage systems, the TOV is the maximum anticipated line-to-line 
operating voltage. For solidly grounded systems, the TOV is less than the line-to-line 
operating voltage, and its accurate determination traditionally involves symmetrical 
component impedance data of the system. See IEEE Std C62.22-1997. 


In resistance-grounded and ungrounded systems, the most common MCOV ratings for sta- 
tion- and intermediate-class arresters are given in Table 13-1. 


In solidly grounded and ungrounded systems, the most common MCOV ratings for station- 
and intermediate-class arresters are given in Table 13-2 . 


The lowest rated arrester that meets the MCOV and TOV requirements is the proper rating 
selection. 
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Table 13-1—Most common MCOV ratings for station- and intermediate-class 
arresters in resistance-grounded and ungrounded systems 


System voltage Arrester MCOV rating* 
(kV) (kV) 


*Based on the offering of one manufacturer. Other 
manufacturers have at least one offering at or very near 
for each range. 


Table 13-2—Most common MCOV ratings for station- and intermediate-class 
arresters in solidly grounded and ungrounded systems 


System voltage Arrester MCOV rating* 
(kV) (kV) 


*Based on the offering of one manufacturer. Other 
manufacturers have at least one offering at or very near 
for each range. 


Industry recognizes four arrester classes, in order of protective efficiency and durability: 


— Station 
— Intermediate 
— Distribution 


— Secondary 


The first three classes serve the high- and medium-voltage levels, and secondary arresters are 
for low-voltage system application. Important system components (e.g., medium-voltage bus 
and switchgear) normally utilize station- and intermediate-class arresters. 


If the line-cable junction arresters are metal-oxide, no arresters are required at the switchgear 
regardless of the cable length and arrester class. 
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Surge arresters may be required to protect the switchgear at altitudes above | km, even 
though the circuits are not connected to exposed circuits. This additional consideration is due 
to the voltage correction factors applicable above | km altitude. Surge arresters are applied so 
that the impulse-voltage protective level maintained by the surge arrester is about 20% less 
than the corrected impulse-voltage rating of the switchgear. These devices should be station 
surge arresters. 


13.8 Conclusion 


Because of its location and function in the electric power system, the bus and switchgear 
should be designed, located, and maintained to prevent faults. The preferred practice for bus 
switchgear protection above 600 V is voltage-responsive or linear coupler differential relay- 
ing with the power system designed with a sectionalized bus so that continuity of service can 
be maintained to a portion of the load. The best protective relaying in a single-bus arrange- 
ment operates to cut off power to all circuits supplied by the bus. 


Location of the equipment in a good environment and maintenance on a planned basis help to 
prevent the need for relays to operate (see Killin [B4]). If a fault does occur, high-speed sen- 
sitive relaying limits the damage so that repairs can be made quickly and service restored in a 
short time. Fast clearing of faults also can save lives by minimizing explosion and fire after- 
math. Furthermore, fast clearing of human-contact faults has saved lives or reduced injury. 


13.9 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


IEEE Std C37.20.2-1999, IEEE Standard for Metal-Clad Switchgear.* 
IEEE Std C37.20.3-2001, IEEE Standard for Metal-Enclosed Interrupter Switchgear. 


IEEE Std C37.97-1979 (Reaff 1990), IEEE Guide for Protective Relay Applications to Power 
System Buses. 


TEEE Std C62.22-1997, IEEE Guide for the Application of Metal-Oxide Surge Arresters for 
Alternating-Current Systems. 


NFPA 70-1999, National Electrical Code® (NEC®).4 


3]EEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 


4The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA 
(http://www.nfpa.org/). Copies are also available from the Institute of Electrical and Electronics Engineers, 445 
Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 
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Chapter 14 
Service supply-line protection 


14.1 General discussion 


This chapter discusses the interface between the supplier of electricity and the consumer. It 
includes requirements for service quality for industrial and commercial power systems, 
possible system disturbances in utility and consumer systems and their effects, recommended 
corrective measures in system design and operating techniques, and several protective 
schemes of typical installations both with and without consumer generation. Many possible 
circuit arrangements and protective relaying schemes exist, and discussing each one is not 
possible. However, a few of the most frequently encountered circuit arrangements are 
covered. 


The basic desire of the power company is to provide a reliable power supply of adequate 
capacity to serve the connected load. The consumer wants to receive such a power supply. 
These goals need a well-engineered design considering service requirements, system distur- 
bances and protection against such disturbances, and personnel safety. 


14.1.1 Design procedure 


A typical sequence in designing an electrical service arrangement for a new plant could be as 
follows: 


a) Classify and group loads according to their characteristics: 
1) Power required, real and reactive 
2) Optimum nominal voltage 
3) Sensitivity to voltage level 
4) Sensitivity to voltage sags and swells 
5) Sensitivity to interruptions 
6) Sensitivity to frequency variations 
7) Other unusual service requirements, such as sensitivity to nonsinusoidal wave 

shapes and harmonics 

8) Physical location of loads 
9) Future load considerations 

b) Select, together with the electric utility personnel, a suitable supply service 
arrangement consistent with the economics of the application. Industrial plant power- 
system designers, together with electric utility personnel, should determine all the 
service requirements for the industrial plant process and the quality of service 
required from the electric utility. These requirements may include the system voltage, 
voltage limits, duration of abnormal voltages, the expected annual number of voltage 
disturbances and outages, frequency variations and their duration, harmonics, and 
utility system equipment relaying and reclosing schemes. 

c) Obtain the short-time and long-time outage records for the existing facilities and esti- 
mates for new facilities. Analyze the effects of the various faults and system 
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d) 


e) 


disturbances that are likely to occur on the operation of the proposed facilities and 

compare them to the service requirements. 

If necessary, restructure the one-line diagram and apply any equipment that would 

reduce the effects of these faults and disturbances and improve the system perfor- 

mance and reliability. Such changes may include 

1) Addition of capacitors, voltage regulators, or generators 

2) Addition of surge protective devices (see IEEE Std C62.22-1997!) 

3) Modification of protective relaying and switching schemes, such as the use of 
time-delay undervoltage relay or latching relays, use of circuit breakers or 
remotely operated switches and contactors, dc control power instead of ac 
control, automatic control instead of manual switching, autoreclosing, or loop 
circuits instead of radial feeds 

4) Use of auxiliary devices or stored energy control systems, such as batteries or 
capacitive tripping devices 

5) For a plant generating its own power, use of load-shedding for loads that are 
noncritical during low-frequency and other system disturbances (This addition 
may keep the system running by improving system frequency and voltage.) 

6) Connection to redundant supply sources and network connection for continuity 

7) Addition of current-limiting cable limiters or fuses on 600 V or below systems 


Evaluate the relative cost of the changes listed in Item d) against the loss of produc- 
tion, safety, equipment damage and extra maintenance (see IEEE Std 493-1997). 


Comprehensive communications between the plant designer and utility personnel should 
result in a selectively coordinated system, increased reliability, and reasonable equipment 
cost by avoiding duplication of equipment and optimum use of equipment. 


14.2 Service requirements 


Consideration of the design, operation, and protection of service lines between a consumer 
and utility power supplier should be based on deep mutual understanding of each other’s 
needs, limitations, and problems. The electric power supply for an industrial or commercial 
power system should meet the following basic requirements listed below: 


a) 
b) 


c) 
d) 


e) 


Accommodate normal peak power demand and provide ability to start large motors 
without excessive voltage sag. 

Maintain deviations from normal frequency and normal voltage within acceptable 
tolerances. 

Maintain consistent phase rotation in a multiphase system. 

Maintain voltage-wave distortion, harmonics, and voltage surges within acceptable 
tolerances. 

Maintain three-phase supply during normal conditions to avoid voltage unbalance 
and single-phasing. 


'Information on references can be found in 14.6. 
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f) Be highly reliable, i.e., the utility service should be available a high percentage of 
time, it should be within acceptable tolerance limits, and it should effectively serve 
the loads. 


These requirements are measures of quality of service to a consumer. The quality of electric 
power supply has become important in the operation of many modern electrically supplied 
systems. The nature of a consumer’s operation and type of loads set the requirements of qual- 
ity of service. The simplicity of these statements of service requirements may tend to obscure 
the complexity of technical and commercial problems that sometimes arise, but the state- 
ments are the true measures of quality of service to a consumer. 


Service quality involves two distinct factors, each of which should be considered separately 
and each of which has different degrees of importance among consumers. The two factors are 
power quality and power reliability. Together, these factors make up service quality. 


Each load device has specific power quality tolerances within which it will operate normally. 
Table 14-1 lists electric service deviation tolerances of various load and control devices. The 
term load, as used in this chapter, means an electric device (e.g., motors, capacitors, lighting 
lamps, heating elements, motor starters, solenoids, computers, communication equipment, 
annunciators, inverters, rectifiers, control circuits). To a consumer, these loads are only a 
means to an end. They are the muscles and nerve systems needed to operate chemical pro- 
cesses, mines, public buildings, or manufacturing plants. 


Reliability requirements for power supply to certain load devices may completely change ser- 
vice considerations. For example, an incandescent lamp performs satisfactorily on voltage 
containing myriad abnormalities, but if it is the lamp in an exit fixture in a public building or 
an operating lamp in a hospital operating room, then it must have power of absolute reliabil- 
ity. By contrast, a computer used for process control or power plant load management must 
be supplied with power of extremely high quality, but if it is being used to process routine 
business data, then service reliability may become secondary. 


A study of a consumer’s operation and loads can help the utility-consumer team arrive at the 
required level of service quality. A study of possible system disturbances and their effects 
(see 14.3) should be made. Where these disturbances exceed the tolerances of the load 
devices for the equipment included in the system, then appropriate steps outlined under 
14.3.6 should be considered. The required reliability should also be kept in mind, and where 
higher-than-normal utility reliability is required, suitable measures as outlined under correc- 
tive measures (see 14.3.6) and supply-line protection (see 14.4) should be considered. 
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Table 14-1—Electric service deviation tolerances for 
load and control equipment 


Device 


Alarms, systems operating 
on loss of voltage 


Voltage level* 


Variable 


Frequency 


Comment 


Capacitors for power 
factor correction 


+10% 


Variable 


Reactive power output of capacitors 
varies with the square of the 
impressed voltage (see 3.5.10 of 
IEEE Std 141-1993) (e.g.,-10% V 
is -19% VARS). 


Communication 
equipment 


+5% 


Computers, data- 
processing equipment 


+10% for 1 cycle 


Refer to manufacturer for frequency 
and voltage tolerances 


Contactors, motor starters 
ac coil burnout 
ac coil dropout® 


dc coil dropout 


+10% to -15% 

-30% to -40% for 
2 cycles 

-30% to 40% 


Electronic tubes 


+5% 


Lighting 
fluorescent 


incandescent 
mercury vapor 


—10% (fluorescent) 
-25% 

+18% 

50% for 2 cycles 


Uncertain starting, shortened life. 
Lamp will extinguish. 

10% of normal life. 

Lamp will extinguish. 


Motors, standard 
induction® 


+10% 


Sum of absolute values of voltage 
and frequency deviation should be 
no greater than +10%. 


Resistance loads, furnaces, 
heaters 


Variable 


Solenoids, shutoff valves 
for gas- or oil-fired 
furnaces, magnetic chucks, 
brakes, clutches 


-30% to -40% for 
0.5 cycle 


Solenoid operated devices 


+10% to -15% 


See 3.5.11 of IEEE Std 141-1993. 


Transformers 


+5% with rated 
kVA 
+10% with no load 


Voltage deviations apply at rated 
frequency. Maintain constant V/Hz 
ratio to prevent overexcitation. 


Inverters 
(gaseous, thyristor) 
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+5% with full load 
+10% with no load 
—10% transient 


Firing circuits and inverters 
generally determine tolerances. If 
supply voltage is +5%, inverter 
loading should be reduced by 5%. 
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Table 14-1—Electric service deviation tolerances for 
load and control equipment (Continued) 


Device Voltage level* Frequency Comment 


Rectifiers +5% with full load If supply voltage is +5%, rectifier 
diode (gaseous) +10% with no load loading should be reduced by 5%. 
—10% transient 


diode (solid state) +10% Some rectifier systems rated by 
NEMA MG 1-1998 for voltage devi- 
ation of +5% to -10%. 


phase controlled +5% with full load Firing circuits and rectifier generally 

(gaseous, thyristor) +10% with no load determine tolerances. If supply volt- 
—10% transient age is +5%, rectifier loading should 
be reduced by 5%. 


Generators +5% Voltage tolerance is generally a 
function of generator design. Surge 
protective devices should be applied 
at generator terminals. Maintain 
constant V/Hz ratio to prevent over- 
excitation. 


Turbines (steam) Variable Variable Manufacturer should supply voltage 
and frequency tolerances. 


NOTE-— Systems with rectifiers or inverters may contain harmonics that cause nonsalient pole 
generator overheating. Generator load reduction may be required as a function of the number of 
phases in the rectifier system as follows: 24 phases, no reduction; 12 phases, 8% reduction; 6 phases, 
10% reduction. 


*Properly selected lightning arresters and surge protective devices are presumably installed 
throughout the system. Deviation tolerance is continuous unless specified. Percent voltage unbalance 
= (100 x maximum voltage deviation from average voltage)/(average voltage). 

Voltage tolerances may not be applicable for equipment with integral power supply or voltage 
regulator. 

“This type of contactor is not recommended where tripouts due to voltage sags are undesirable. 
Phase voltages should be balanced (see NEMA MG-1-1998). 


14.3 System disturbances 


Many of the control devices and loads that are part of commercial and industrial power 
systems are sensitive to the magnitude, wave shape, and frequency of the supply voltage. 
Voltage and frequency variation and the presence of harmonics in most cases deteriorate the 
quality of power. Voltage variations and transients, deviations in frequency, and short- and 
long-term power supply losses can originate in the utility system. 


System disturbances are sometimes introduced by the distribution system within the 
industrial or commercial power system beyond the utility delivery point. Outage rates and 
average repair times for typical electric equipment can be found in IEEE Std 493-1997. 
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The effects of the following disturbances on the various types of load devices should be 
analyzed: 


— Voltage variation 

— Frequency variation 
— Harmonics 

— __ Short circuits 


These disturbances can result in equipment damage, loss of production, production of 
inferior-quality product, damage to plant facilities (e.g., fire), and injury to personnel. 


14.3.1 Voltage variations 


Voltage variation can be classified under several categories: long-time voltage variations, 
voltage sags, voltage swells, voltage transients, voltage flicker, voltage unbalance, and volt- 
age interruption. Each type of voltage variation has a different effect on load devices. 


If the process controlled by the computer is critical, an on-line filtered uninterruptible power 
supply (UPS) system should be used. A complete line of equipment is available for protecting 
electronic devices and computers from erratic operation or failure due to power-line 
transients, fluctuations, and interruptions. This equipment should be used for electronic 
devices that are critical for process and production (see IEEE Std 446-1995). 


14.3.1.1 Long-time voltage variations 


Long-time voltage variations result from daily changes in load on transmission lines, trans- 
formers, and distribution lines. Voltage variations for normal operation should be within the 
limits defined in ANSI C84.1-1982. The voltage level, however, may gradually change over a 
period of minutes or hours and, as a result, subject loads to voltages that are either too high or 
too low to permit continued satisfactory operation. The effect of these voltage variations on 
lighting equipment is shown in Figure 14-1, Figure 14-2, and Figure 14-3. Table 14-2 shows 
how changes in voltage affect motor performance (see IEEE Std 141-1993). 


A long-time overvoltage may occur if some type of line-voltage-regulating device defectively 
advances to its full boost position. Correcting the condition may require a service person to 
travel to the location. 


Power factor correcting capacitors may be damaged by high voltage, which is still within the 
apparent tolerable band of the capacitor. This damage can occur if the high voltage results in 
overexcitation of transformers or motors. Such overexcitations can lead to distorted voltage 
wave shapes and result in excessive capacitor currents. This consideration is included in 
capacitor standards. But the compounding of these wave distortions with the distortions 
caused by solid-state phase-controlled devices has not been included in the standards (see 
Linders [B6]*). 


?Numbers in brackets correspond to the numbers in the bibliography in 14.7. 
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Figure 14-1—Incandescent lamp performance as affected by voltage 


LAMP PERFORMANCE IN PERCENT 


DECREASED LIGHT OUTPUT AND. 
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Figure 14-2—Fluorescent lamp performance as affected by voltage 
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Figure 14-3—Mercury lamp performance as affected by voltage 
(120 V basis) 


Table 14-2— General effect of voltage variations on induction-motor 
characteristics 


Voltage variation 


Characteristic 


Starting and maximum 
running torque 


Proportional to 


Voltage squared 


90% of nameplate 
-19% 


110% of nameplate 
+21% 


Percent slip 


d/ voltage)” 


+23% 


-19% 


Full load speed 


Synchronous 
speed—slip 


—0.2 to -1.0% 


+0.2 to 1.0% 


Starting current 


Voltage 


-10% 


+10% 


Full load current 


Varies with design 


+5 to +10% 


—5 to -10% 


No load current 


Varies with design 


—10 to -30% 


+10 to +30% 


Temperature rise 


Varies with design 


+10 to +15% 


-10 to -15% 


Full load efficiency 


Varies with design 


-l1 to-3% 


+1 to +3% 


Full load power factor 


Varies with design 


+3 to +7% 


—2 to -7% 


Magnetic noise 


14.3.1.2 Voltage sags 


Varies with design 


Slight decrease 


Slight increase 


Voltage sags are decreases in the voltage lasting 0.5 cycle to a few seconds (see IEEE 


Std 1100-1999). 
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Voltage sags are generally caused by transient line faults. Most of these faults are cleared 
within a few cycles. Most of the load devices in the plant usually remain energized during this 
condition if the voltage sag is not severe. Under severe voltage sag conditions, ac contactors 
drop out, and this loss may jeopardize the process. For continuous-process plants, providing 
suitable protective measures is necessary, and such voltage sags should be considered in 
initial design stages. Sags are produced by a sudden application of large loads, particularly 
across-the-line starting of large induction and synchronous motors. 


The impact of transient and short-term defects described under 14.3.1.1 on industrial loads 
(e.g., lighting devices, motors, heating elements) is not serious. The defect may go unnoticed 
or produce a minor problem. But for modern electronic devices (e.g., computers, 
programmable controllers, communication systems), the impact varies from minor to 
potentially dangerous, depending on the service. Sensitivity of electrical equipment depends 
on the magnitude of voltage sag and its duration. Modern high-speed computers are sensitive 
to disturbances in the electrical power supply lines. Voltage sags (and swells) can produce 
false operation of digital computers and control equipment. Short-term defects, lasting up to 
1s, may not cause failures in electronic equipment, but can produce serious errors in logic 
circuits, registers, and other equipment used in computers and digital control systems. These 
devices are sensitive to interruptions of only a fraction of a cycle. An interruption of only a 
few cycles can cause the malfunction of peripherals, such as magnetic tape units. Most 
computers are designed to protect the contents of memory by a controlled sequence of dc 
power supplies in the event of a power interruption. If the process controlled by the computer 
is critical, an on-line filtered UPS system should be used (see IEEE Std 446-1995). 


Contactors are sensitive only to magnitude of the voltage sag. They drop out at about 60% to 
70% of system voltage or on 30% to 40% of voltage sag. Some contactors have a 50% volt- 
age sag dropout, and some power plants apply this feature to station auxiliary equipment to 
ride through some sag conditions that occur during faults on the supply system. On the other 
hand, the duration of the voltage sag is important to other loads. Many electric motor drives 
are sensitive to the combination of magnitude and duration of voltage sags, both of which 
play an important role in whether a critical drive rides through a disturbance. 


Induction motors, in general, ride through voltage sags or interruptions where high-speed 
reclosing is used; but for some production processes, this action could result in product 
defects. However, under long-term (more than 2 cycles) sags, an induction motor may reach 
an instability condition where the motor cannot drive its connected load at rated speed and, 
therefore, slows down. During these sag conditions, motors tend to draw excessive current, 
which causes the voltage to remain depressed at the motor terminals. Depressed motor termi- 
nal voltage may prevent proper recovery (or reacceleration), and motor overheating results. 


Synchronous motors with proper controls can be made to ride through voltage sags for 
several cycles, but may be damaged on utility-line reclosure (see Walsh [B12]). Continuing 
low voltage at the terminals tends to make a synchronous motor unstable (see Linders [B6]). 


Both induction and synchronous motors, particularly motors above about 375 kW (500 hp), 
can be severely damaged by instantaneous reclosing. Such reclosing usually takes place 
between 12 cycles to 18 cycles from the initiation of a fault. For motors serving high-inertia 
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loads, the motor voltage can be 180° out of phase with the reclosed source. Such conditions 
can set up transient motor air-gap torques as high as 10 to 20 times rated values. These 
torques can twist or break motor and driven equipment shafts. Relay systems utilizing a 
combination of underfrequency, undervoltage, and sensitive directional power relays have 
been devised to protect from instantaneous reclosing. However, such relay systems may race 
between the protection relay time and the reclosing time; and protection cannot be assured in 
every instance. One solution is to persuade the utility to delay reclosing to about 5 s to allow 
the motor contactors or breakers time to drop out on loss of voltage (see McFadden, et al. 
[B9]). 


14.3.1.3 Voltage swells 


Voltage swells are increases in the voltage lasting 0.5 cycle to a few seconds (see IEEE 
Std 1100-1999). 


Voltage swells result from switching within the plant, particularly switching of the primary 
side of a transformer that is coupled to a heavy load. In some cases, a combination of ground- 
ing and an arcing fault condition also produces swells. 


Another consideration is the interaction of shunt capacitors on the utility system with those 
that may be applied in the service network. The potential concern is switching voltage magni- 
fication between the two circuits should the resonant frequencies of the service circuit be 
equal or close to the resonant frequency of the utility circuit. This situation is a particular 
concern when capacitor banks are in the service network at various voltage levels (see 
Dunsmore, et al. [B3]). 


14.3.1.4 Voltage transients 


Voltage transients result from remote system faults, interruption of faults, lightning surges, 
switching surges from operating disconnects or circuit breakers in the transmission or distri- 
bution system, fuse blowing, impact loads and load dropping, routine operating open-arc or 
submerged-arc furnaces, silicon controlled rectifier (SCR) controlled loads, and welders, but 
the transient event lasts less than | cycle. 


Transient voltage spikes entering equipment through supply lines can damage semiconductor 
devices if proper protection against transients is not taken. Surge protective devices, when 
applied properly, protect these devices. Voltage and frequency transients can cause errors in 
the computer memory, complete memory loss, word structure alteration, or nonprogram 
jumps. Where possible, computers should be fed from a supply line other than the one sup- 
plying the plant load and/or fed from an online UPS (see IEEE Std 446-1995). 


14.3.1.5 Voltage flicker 
Voltage flicker is a variation of input voltage sufficient in duration to allow visual observation 
of a change in electric light source intensity (see IEEE Std 1100-1999). Voltage flicker results 


from cyclic load variations, which are usually single-phase, but may be three-phase. Arc 
furnaces and electric welding sets are the most common causes of flicker within the power 
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system. Higher power lamps in common use today are less sensitive to flicker due to a larger 
mass of the filaments. Various types of lamp performance as affected by voltage levels are 
given in Figure 14-1, Figure 14-2, and Figure 14-3 and in IEEE Std 141-1993. 


Voltage flicker may also adversely affect induction motors even though it is considered an 
illumination phenomenon. Single-phase flicker can cause increased motor losses, continual 
variations in torque and speed, and thus increased vibration. 


14.3.1.6 Voltage unbalance 


Voltage unbalance and loss of a phase (single-phasing) may be caused by events such as large 
single-phase loads, unequal impedances (e.g., due to untransposed conductors in the supply 
system), one open fuse, or the failure of one pole to close properly in a circuit breaker or 
contactor. A single-phase condition is an extreme case of voltage unbalance. The voltage 
unbalance creates negative-sequence current, which cause an increase in motor losses, 
heating of generator rotors, and heating of motor windings. Severe negative-sequence 
conditions can lead to motor failures. In NEMA MG 1-1998, a voltage unbalance of no more 
than 1% is allowed in order to avoid excessive temperature rise. A voltage unbalance of 3.5% 
can result in a 20% to 25% increase in motor temperature rise and shorten the motor 
insulation life by over one half. Table 14-3 shows the effect of voltage unbalance on motor 
losses and temperature rise. 


Table 14-3 —Effect of voltage unbalance on motors at full load 


Current, neg. seq. (%) 


Current, stator (rms %) 


Increase in losses (%) 


Stator average 


Stator maximum 


Rotor 


Total motor 


Temperature rise (°C) 


Class A 


Class B 


14.3.1.7 Voltage interruption 


A voltage interruption is defined as complete separation of the consumer system from the 
utility power system. This type of power system disturbance can also vary considerably in 


Copyright © 2001 IEEE. All rights reserved. 541 


IEEE 
Std 242-2001 CHAPTER 14 


time duration, depending upon the cause of trouble and the method used to restore service. 
An interruption can last from 15 cycles to 30 cycles if high-speed reclosing is used, 1 s to 
60 s or more if delayed automatic reclosing is used, and several minutes or hours if remote or 
manual switching is used or if automatic reclosing was not successful. These disturbances 
generally result from system faults. 


When in-plant generation is used, synchro-check relays should be used to block closing for 
out-of-phase or frequency conditions between the generator and utility supply. The generator 
should be synchronized manually or by automatic-synchronizing equipment. 


14.3.2 Frequency variation 


The system frequency on large interconnected utilities is essentially constant. In this case, 
frequency deviation from the nominal system value is usually a result of a system disturbance 
where a significant amount of load or generation is lost. Isolated local generation, however, 
has varying frequencies within a band centered on a nominal value. A change in frequency 
may be undesirable for computers and motors, but many loads are not frequency sensitive, 
such as filament lamps and resistance heaters. Transformers, induction motors, and synchro- 
nous motors may be overexcited and can overheat on low frequency if the voltage is not 
reduced correspondingly to produce a constant voltage-to-frequency ratio. When the load 
control system is designed to maintain the shaft load, the motor may be overloaded during 
low frequency. Automatic load shedding is used to protect the power system against adverse 
effects of underfrequency operation. Many load-shedding schemes are designed to operate 
when a drop in system frequency at a rate greater than 1 Hz/s is recognized or if frequency 
drops to some value below nominal (e.g., 58 Hz in a 60 Hz system for 2 s to 5 s or more). 


14.3.3 Harmonic distortion 


The use of thyristors and rectifiers for high-voltage dc transmission, adjustable frequency 
drives, adjustable speed drives, battery chargers, and dc drives has introduced additional har- 
monic distortion into the electrical power system. These harmonics may be propagated over 
great distances. The presence of harmonic voltages or wave shape distortion may cause prob- 
lems that require consideration (see IEEE Std 519-1992; IEEE Std C57.110-1988; 
TEEE Std 1100-1999; Linders [B7]). 


Harmonic currents in induction and synchronous motors cause additional losses and heating 
and adversely affect their efficiency. Wound rotor induction motors are more likely to be 
affected than squirrel-cage induction motors. Synchronous motors are more adversely 
affected than induction motors. These effects are chiefly attributable to the harmonics of low 
orders that can have large magnitudes. Harmonics also cause an increase in motor exciting 
losses. Motor stator ’R losses increase in proportion to the sum of the squares of the 
harmonic currents. Motors develop reduced or pulsating torques due to the presence of 
harmonics. Even harmonics can cause severe rotor heating. 


Voltage levels at the loads may appear to be normal; and yet harmonics may be causing 
severe overheating in the generator, neutral cable, transformer, or capacitor and causing inter- 
ference with communication or telephone systems. 
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Where banks of capacitors are used, overvoltage from resonance may be encountered due to 
harmonics, which may damage the capacitors or other equipment. Transformers can carry 
rated load under rated conditions provided the harmonic factor of the load current does not 
exceed 5%. A greater current distortion requires that the transformer be derated in accordance 
with IEEE Std C57.110-1998, K-rated transformers may also be specified for dry transform- 
ers meeting UL 1561 and UL 1562 (see also IEEE Std 1100-1999). 


14.3.4 Short-circuit current 


Abnormalities in current are usually due to short circuits or faults in the utility supply or plant 
distribution system. These faults result in magnetic forces and heat that can cause explosions 
and fire in switching devices and other equipment if this switching equipment is not selected 
with adequate interrupting capability and braced to withstand magnetic forces based on the 
available fault-current magnitude at the equipment location. A short-circuit study is necessary 
to determine equipment interrupting rating requirements. 


14.3.5 Summary of system disturbances 


Any particular power system disturbance, as described in 14.3 and noted in Table 14-4, can 
result in an increase in the total operating cost of a facility (see IEEE Std 1100-1999). These 
increased costs are due to a reduction in motor efficiency and power factor, motor and 
transformer failures, power factor capacitor failures, equipment malfunctions, the need for 
complex control schemes and added protection devices, and increased capital cost required to 
supply emergency power for long-term disturbances through devices such as batteries, 
inverters, or diesel generators. Many consumer processes may suffer only loss of production 
time; however, some consumers also incur spoilage of product and damage to the production 
equipment. 


Table 14-4—Electric power system disturbances 


Disturbance Duration Effect on system Typical cause 


Voltage level change Steady +10% voltage Normal system voltage 
variation resulting from 
load changes 


Voltage swell or sag 0.5 cycle toa Increase or decrease in Motor starting, shock 

few seconds voltage loads, furnace loads, 
welders, planers, chippers, 
roughing drives 


Voltage transients Up to 1 cycle Increase or decrease in Remote system faults, 
voltage switching surges, 
lightning strikes, capacitor 
switching® 


Voltage flicker Variable Visual voltage variations Repetitive voltage swells 
or sags 


Voltage notch Up to 1/2 cycle | 99% down to O%V Switching 
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Table 14-4—Electric power system disturbances (Continued) 


Disturbance 


Voltage interruption A 


Duration 


1s maximum 


Effect on system 


0% voltage 


Typical cause 


Power transmission 
system or distribution 
system faults, network 
system faults? 


Voltage interruption B 


1 minute 
maximum 


0% voltage 


Power system faults or 
equipment failure 
requiring reclosing or 
resynchronizing 
operation 


Voltage interruption C 


Extended 


0% voltage 


Permanent power system 
faults, equipment failure; 
accidental opening of 
power circuit breaker? 


Voltage or harmonic 
distortion, noise 


Variable 


Fundamental or harmonic 
voltage increase 


Arcing faults, 
ferroresonance, switching, 
transients, transformer, 
iron core reactor or ballast 
magnetizing requirements, 
controlled rectifiers, 
commutators, arc 
discharges, fluorescent 
lamps, motors 


Voltage unbalance 


Steady 


More than 1% voltage 
variation among phases of 
three-phase system 


Single-phase or 
unbalanced loads on 
three-phase system 


Single phasing 


Extended 


Down to 0% voltage on 
one phase of three-phase 
system 


Open conductor, 
switching with single-pole 
devices, fuse opening, 
circuit breaker or 
contactor failure 


Power direction 
change, short circuits 


Variable 


Change of flow of current 
or power 


Supply system faults, loss 
of transmission lines, syn- 
chronizing power surges, 
switching 


Frequency deviation 


Several cycles 
to several hours 


Increase or decrease in 
voltage 


Loss of generation of 
utility supply line 


*Some types of switching transients may be amplified by coincident resonance of power factor 
capacitors and transformer inductances at the switching frequency. 
>Disturbance may be in either the utility or consumer system. Disturbance may be isolated in 
3 cycles to 30 cycles by circuit breakers or 35 cycles by network protectors, after which time service 
may be restored to disturbance-free portion of system. 
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14.3.6 Disturbance corrective measures 


After a study of available quality of service and possible system disturbances is made, correc- 
tive measures may need to be considered for desired reliability and quality of power. Two 
routes are available to approach this problem. First, the consumer can take the responsibility 
for establishing the desired quality by making various improvements. Second, the energy 
supplier can make changes in its system to provide the consumer with electric energy to meet 
the consumer’s requirements. Such changes can be negotiated between the consumer and the 
energy supplier (see IEEE Std 519-1992 and IEEE Std 1100-1999). 


The use of multiple supply lines (or sources), transformers, bus sectionalizing, in-plant 
generation, circuit breakers with proper protective devices, properly rated fusible disconnects 
or interrupter switches, control schemes for automatic operation, additional voltage 
regulating devices, power factor capacitors, and additional protective relays can improve the 
quality of service. Refer to Table 14-5 for an overview of devices that can be used to 
minimize the effect of power system disturbances. 


Table 14-5—Minimizing the effect of power system disturbances 


Minimized 


a 
disturbance Comment 


Device 


Power equipment and power switching devices 


Capacitors, shunt Voltage level change | Can reduce normal system voltage variations. 
connected 


Reactors, shunt connected | Voltage level change | Can reduce system overvoltages during light 
load periods. 


Voltage regulators, Voltage level change, | Restores voltage level on load. Operating 
induction or load tap voltage unbalance range usually +10%. Response too slow to 
changing correct for voltage transients. Single-phase 
sensors and regulators required to correct for 
voltage unbalance. 


Generators, synchronous Voltage level change | Restores system voltage within limits 
motors, or condensers imposed by maximum and minimum 
used with automatic excitation on machine field. 

voltage regulators 


Circuit breakers used with | Voltage transients, Isolates cause of disturbance. Restoration of 
protective relays, network | voltage single service required. See Table 14-6. 

protectors, reclosers, fuses | phasing, power flow 
change, frequency 
deviation 
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Table 14-5—Minimizing the effect of power system disturbances 


Device 


Control circuit modification 


Minimized 
disturbance 


Comment® 


and small power equipment 


Battery, battery charger 
system 


All 


Provides uninterrupted power for control, 
instrumentation, communication. Alternate 
power source for emergency lighting, critical 
loads, Limited to about 50-300 Ah capacity 
during loss of voltage. 


Cable shielding in control 
or communication circuits 


Voltage or harmonic 
distortion, noise 


Reduces or eliminates induced voltages that 
interfere with correct transmission of intelli- 
gence or control signals. 


Control relays 
Time delay dropout 


Voltage interruption 


Primarily used in motor control circuits to 
maintain starter circuit in “run” position for 
2-4 s after loss of voltage. 


Control relays 
Mechanically latched 
relay 


Voltage interruption 


Retains control circuit condition during loss 
of voltage. 


Filters, tuned circuits 


Voltage or harmonic 
distortion, noise 


Engine generator set 


Voltage interruptions 
B and C (see 
Table 14-4) 


Provides emergency power for lighting or 
critical loads. Normally requires minimum of 
5-45 s to start if automatic. 


Motor-generator set? 


All except voltage 
interruptions B and C 
(see Table 14-4), 
extended frequency 
change 


Loss of voltage ride-through capability with 
flywheel: 

0.3 s with deviaton less than —-3% voltage, — 
0.5 cycle, or 

1.8 with deviation less than —3% voltage, — 
1.5 cycles 


Uninterruptible power 
supply (UPS), static 
system, or motor- 
generator set 


All 


Total isolation from power system 
disturbance for loads up to about 400 kVA. 
Provides power for 15-30 min after loss of 
voltage. A UPS system contains a rectifier, 
inverter, and battery (or motor-generator sets 
with battery) to supply ac power. 


Voltage stabilizer, 
ferroresonant voltage 
regulator, static VAR 
compensator, switched 
shunt reactor and 
capacitor® 
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Voltage level change, 
voltage swell or sag, 
voltage transient, 
voltage unbalance, 
voltage flicker 


Static device. Holds constant output voltage 
with voltage input variations up to +30%. 
Full correction in 0.5 cycle. Limited to loads 
below 1800 kVA. 
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Table 14-5—Minimizing the effect of power system disturbances 


F Minimized 
Device : Comment® 
disturbance 


System one line diagram 


Rearrange or add Use of reactors, bus ties, etc., can minimize 
equipment flicker on critical loads. Emergency 
separation of critical and noncritical loads. 


“The solution to any disturbance may result in side effects, which are equally disturbing. For example, 
capacitors switched without preinsertion surge-limiting resistors may create damaging transient 
overvoltages; or improperly installed or grounded shield communications cable may cause other types 
of noise or burnout due to power-fault induced currents. 

Improved performance results from addition of a flywheel. 

“May contain harmonic distortion in regulated voltage. 


Each improvement also adds to the cost and space requirements that should be warranted by 
the process requirements or for personnel safety. Refer to the IEEE Std 493-1997 for 
economically evaluating the options for improving system reliability. Refer to IEEE Std 519- 
1992 and IEEE Std 1100-1999 for evaluating harmonic distortion limits and equipment 
limits. 


14.4 Supply-line protection 


Protective devices and relays are applied to the utility interconnection circuits in the same 
manner and employing the same principles as in all other locations in industrial plant power 
systems and utility systems (see IEEE Std C37.95-1989). The basic purpose is to clear faults 
and other abnormal conditions from the system as quickly as practicable to cause minimal 
disruption to the plant. Protective relays, fuses, and other devices provide this function by ini- 
tiating the proper switching at the designated time under abnormal electrical conditions. A 
prerequisite to the use of protective relays is the presence of suitable sensing devices (e.g., 
instrument transformers) and suitable switching devices (e.g., circuit breakers, motor- 
operated switches). Therefore, selection of a protective relaying scheme is inherently depen- 
dent on the circuit arrangement as well as the equipment and processes to be protected and 
the service continuity needed. 


Relays and other protective devices are used to detect faults and to detect abnormalities in 
voltage and frequency (e.g., overvoltages, undervoltages, single-phasing, underfrequency). 
Protective relay settings and fuse sizes are determined and coordinated with utility protective 
devices to isolate the faulted segment of the system as quickly as possible to permit the 
unfaulted part of the system to continue to operate. Methods of restoration of service after 
loss of voltage are tabulated in Table 14-6. 
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Table 14-6— Restoration of service after loss of voltage 


Minimum time to 
Method 5 Comments 
restore service 


Reenergize circuit* High-speed bus transfer schemes are 
Automatic reclosing after Cycles available for controlled reclosing when 
temporary fault the system and plant motors are in 
Remote-controlled reclosing | Up to 1 min phase. If motor loads exist that support 
of circuit breakers or plant voltage after loss of system volt- 
switches age, then reclosing should be delayed 
Manual or remote-controlled Up to 1 h or longer either for a definite time or until resid- 
reclosing after manual ual plant voltage has decayed to less 
isolation of cause of than 25% normal, or as recommended 
disturbance; replace fuses by manufacturer to prevent damage to 
motors. (See McFadden et al. [B9] and 
Gabba et al. [B4].) 


Transfer incoming line to High speed automatic transfers may 
alternate power source prevent equipment shut down (See 
Automatic transfer Cycles McFadden et al. [B9] and Gabba et al. 
Manual transfer Minutes to hours [B4].) Intentional time delay may elim- 

inate unnecessary transfer under some 

conditions. 


Start generators in consumer Variable Standby generation may be sufficient to 
system supply emergency or critical loads. 


*Reclosing should include resynchronizing if consumer generators are operating in parallel with 
utility system. 

>May include transfer of emergency lighting and loads to a battery source or engine-driven 
generators. 

CAUTION— Automatic or remote reclosing should not be applied on circuits consisting of 
cables or transformers where reclosing reinitiates the permanent faults associated with such 
equipment. 


The details of protecting specific devices are covered in other chapters of this recommended 
practice. The discussion of protective devices in this chapter centers on the specific 
applications in service supply lines as indicated on the sample circuit arrangements. Surge 
arresters are also important to incoming circuit protection. 


The application of surge arresters for equipment protection is covered in IEEE Std 141-1993, 
TEEE Std C62.22-1997, and IEEE Std C62.92.3-1989. Considerations for the voltage rating 
of the arresters on the utility side should include the possible conditions of when the 
grounding source at the utility may be lost (e.g., utility station breaker opens) and when the 
utility transmission (or distribution) system may become ungrounded on the delta side of the 
transformers while still being fed from other generation sources. Consideration for locating 
arresters should include protecting the utility service switch or breaker during maintenance 
by locating the arresters on the utility side, protecting equipment such as transformers by 
locating arresters as close as practicable to the terminals, and protecting the equipment from 
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lightning strikes particularly for overhead lines. Typical applications are shown on typical 
systems illustrated in this chapter. 


The development of the protection plan is best accomplished by dividing the electrical facili- 
ties into primary and backup zones of protection, each of which can then be protected simply 
and by using various specialized protective schemes. Some of the considerations in the appli- 
cation of protective relaying include 


— Electrical characteristics of the utility supply circuits, especially fault-current 
distribution 

— Load continuity requirements and capacities 

— Equipment damage 

— Duration of fault and associated voltage sag 

— _ Probability of system disturbances due to factors such as exposure, circuit length, or 
type of equipment 

— Utility standard requirements established to ensure maximum quality service to 
consumers 

— _ Available protective equipment with due consideration to economics 

— Motor and generator stability and other pertinent load characteristics 

— Reclosing requirements 

—  Fault-locating requirements 

— _ Physical layout 

— Maintenance requirements 


Protective schemes used in an industrial plant in combination with service supply lines are 


described according to their locations in an industrial utility tie line under seven groups (see 
also Figure 14-4): 


Protective scheme 
A 


Supply-line 


Service-entrance 


Supply transformer 


Transformer secondary 


Plant feeder circuit 


In-plant generator 


Bus relaying (not shown) 


These protective device locations are not always well defined due to differences between 
installations, and in some cases one or more groups may be nonexistent. For example, when 
the utility supplies power at 208 Y/120 V, 480 Y/277 V, or even 4.16 kV or higher, no trans- 
former is required and Group C is omitted. Group D is omitted when no secondary protection 
circuit breaker exists, and Group F is present only with in-plant generation. Protective 
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CHAPTER 14 


b. In-plant generator for partial plant load and back-up (detail generation protection shown in Ch-12). 
c. Devices 67 and 32 are directional. Polarity of CTs and PTs must be verified. 
d. Overcurrent and bus differential protection should be provided for the main, generator, and tie breakers, 

but protection is not shown here. See IEEE Std. C37.95 and C37.97. 


Figure 14-4— Grouping of protective schemes 


devices that are often supplied for protection of each group are discussed in 14.4.1 through 
14.4.7. A portion of the protective equipment described is shown in Figure 14-4 through 
Figure 14-10 (see 14.5.1 through 14.5.6). 


While protective relaying is emphasized in this chapter, series tripping (e.g., molded-case 
circuit breakers) or fusible protective devices may also be considered. In circuits of 600 V 
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and less, these two types of protection are more common than protective relays. However, for 
solidly grounded systems 600 V and less, ground-fault protective relaying is now used 
extensively to protect for arcing ground faults. In many plants with low- and medium-voltage 
(i.e., 480 V to 69 kV) distribution, fused interrupter switches are used because of their 
simplicity, lack of dependence on battery control power, and low maintenance. Solid-state 
multifunction protection relays are becoming common for feeder, transformer, and generator 
protection. The individual function numbers are shown on the illustrations in this chapter, but 
the features may be included in one protective relay. 


The broader connotation of system protection, rather than protective relaying, is important at 
the interconnection between the consumer and the utility. This broader term carries the 
additional responsibility of automatic service restoration when warranted, separation of the 
more critical loads from less critical loads that can be shed when the main service from the 
utility is lost for any reason, and similar sophisticated control schemes designed to make the 
maximum utilization of the utility service even during periods of partial inadequacy. 
Identification of the general area of a fault through relay targets or open fuse indication to 
minimize operating confusion and downtime is also part of this concept. Solid-state relays 
have communication ports that can be tied into the plant’s programmable logic controller or 
distributed control system for remote-monitoring of factors such as the relay status, breaker 
status, metering information, or event recording to reduce outage time or prevent outages. 


14.4.1 Group A, supply-line protection 


The protective equipment at this point is on utility premises and is usually a utility property. 
Its primary purpose is to protect the main utility circuit from the adverse effect of faults 
between the utility circuit breaker and the service-entrance equipment. The goal is to clear 
faults on the lines quickly, rather than jeopardize the service of all users supplied from the 
source bus. Another function is to back up the service-entrance relaying and prevent an in- 
plant disturbance from affecting the utility source bus. Relays commonly employed at this 
point are as follows: 


a) Time and instantaneous overcurrent phase- and ground-fault relays (Device 50/51 
and Device SON/51N) are used whenever practicable because of simplicity and 
economy. 


Extremely inverse relays are sometimes used when coordination with fuses is needed 
or when accommodating high inrush currents is necessary upon restoration of power 
after a service outage. Very inverse-, inverse-, or definite-time relay characteristics 
can also be used for a variety of reasons (e.g., when the short-circuit current magni- 
tude is dependent largely on system-generating capacity at the time of fault). When 
the utility uses a definite-time relay on the industrial service line, a less inverse relay 
characteristic on the industrial system may be preferred. 


Instantaneous relays (Device 50) should be employed only where downstream 
coordination is not required. These relays should be set to pick up at a current level 
high enough so that they do not operate for the maximum asymmetrical fault at the 
location of the next downstream overcurrent protective device, i.e., typically 1.6 
times the symmetrical fault current at that location. However, instantaneous line 
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relays often reach into, but not through, load transformers connected to that line. In 
some applications involving short lines, instantaneous relays cannot be coordinated 
and should not be used. 


Distance relays (Device 21) are used by a utility company to get fast, sensitive pro- 
tection over most of the length of the supply line to the industrial plant. The types of 
distance relays include impedance, reactance, offset mho, and mho. Distance relays 
are considerably more expensive than overcurrent relays. A distance relay measures 
impedance using the current and voltage of a transmission line to determine whether 
a fault exists within or outside its operating zones. These relays can be obtained with 
one to three zones of operation. The first zone provides instantaneous protection for 
up to about 80% to 90% of the protected line. The second and third zones, if used, are 
time delayed and extend backup protection into the area protected by the service- 
entrance relays. 


Distance relays are sometimes necessary when achieving reasonably fast operation 
with overcurrent relays is impossible because of the long time needed to get selective 
tripping over a wide variation of fault-current magnitudes. They may also be needed 
where the ratio of fault current to load current is too low to use overcurrent relays. 
Distance relays can usually be applied on lines of any length. However, where very 
short lines are involved, factors such as relay range limitations, minimum operating 
currents, and arc resistance may preclude the use of distance relays; and pilot relay 
systems should be considered to provide fast, selective protection on 100% of the 
line. 


Distance-controlled overcurrent relays (Device 51 and Device 21) can be used in 
combination to provide fast tripping for faults on the primary of supply transformers, 
plus backup time delay for low-side faults with some limitations. This combination is 
useful where overcurrent relays alone cannot be set to respond to transformer low- 
side faults. 


Pilot relay systems (Device 87L) employ a communication channel in conjunction 
with protective relays in order to compare the circuit conditions at both ends of the 
protected line simultaneously. This relay system can thus provide fast protection over 
100% of the line. This relay system determines whether the fault is within the pro- 
tected line or external to it. 


Additional relaying should be considered for backup protection. 


Pilot relay systems used on lines to consumer plants are frequently of the pilot-wire 
line differential (Device 87L). These relays measure the current in both ends of the 
line differentially and detect an internal fault by differences between in and out 
current. Metallic pairs are sometimes used as the communication channel for this 
relaying. Metallic pilot wires are limited in distance to a maximum of roughly 16 km 
to 24 km, depending on the size of the pilot wire used. Pilot wire relays can also be 
used with other communication equipment, such as fiber optic cables or audio tone 
by installing special interface equipment. Optical fiber cables are in common use 
today. 


Other types of pilot relaying systems used for tie-line protection include directional 
comparison blocking, directional comparison overreaching transfer trip, directional 
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comparison unblocking, directional comparison underreaching transfer trip, direc- 
tional wave comparison, segregated phase comparison, single-pole-selective-pole, 
permissive overreach transfer trip, direct transfer trip, permissive underreach transfer 
trip, current differential protection, and phase comparison. A description of these 
schemes is found in Applied Protective Relaying [B1] and Blackburn [B2]. 


When selecting the basic relay types, the training and experience of the available per- 
sonnel should be considered. This review includes the ability to calculate the proper 
settings to attain the desired results and the qualifications of test personnel who are 
going to commission and maintain the relays. 


14.4.2 Group B, service-entrance protection 


Where service-entrance relaying is used, it normally operates the main interrupting device. 
However, when fuses are used, the fuse provides the functions of both sensing and interrupt- 
ing. Service-entrance protection is commonly provided by the consumer. In this case, the 
required characteristics and settings should be selected based on selective operation of the 
consumer and utility protective devices and, when applicable, on the pertinent governmental 
codes. Refer to Chapter 8 for ground-fault relaying and to the requirements of the National 
Electrical Code® (NEC®) (NFPA 70-1999). 


Service-entrance protective devices function to disconnect the supply line from the 
consumer’s system for certain faults within the supply transformer primary and secondary 
connections and to serve as a backup to the protective devices associated with the transformer 
secondary or utility supply line. 


Several schemes can be used to open the utility supply circuit breaker within Group A when 
no primary circuit breaker is at the plant and the fault currents are not sufficient to operate the 
relays of Group A. This goal is accomplished by using a high-speed grounding switch or by 
employing transferred tripping schemes through the use of pilot wire, power-line carrier, 
audio tone, or microwave signals. Generally, these methods of tripping of the utility line 
breaker would be permitted only if the line serves one consumer. Where the line serves 
several consumers, each consumer is responsible for clearing faults in its system without 
interrupting service to the other consumers. In these cases, a circuit breaker or other fault- 
interrupting device is required at the plant. 


Typical protective devices associated with Group B are as follows: 


a) Time and instantaneous overcurrent phase- and ground-fault relays (Device 50/51 
and Device S5ON/51N) are applied similarly to the overcurrent relays described in 
14.4.1 a). These relays provide backup protection for the transformer, medium- 
voltage bus, and secondary-side phase-overcurrent relays. Overcurrent phase and 
ground relays also provide backup for the transformer differential relays and should, 
therefore, use alternate tripping auxiliaries and power supplies. Where fuses are used 
for overcurrent protection, they should be selected to coordinate with the utility’s 
protective devices and downstream devices. 

b) Directional phase-overcurrent relays (Device 67) differ from nondirectional relays in 
that they require voltage polarization, which allows them to respond to faults in one 


Copyright © 2001 IEEE. All rights reserved. 553 


IEEE 


Std 242-2001 CHAPTER 14 


d) 


554 


direction. When applied for service-entrance protection, directional phase relays look 
into the utility system and detect faults on incoming lines. The principal function of 
these relays is to initiate prompt clearing of such supply-line faults from the con- 
sumer load bus when backfeed from another source or generator occurs. Directional 
phase relays do not respond to normal load currents or faults on the consumer bus or 
plant distribution feeders, and this directional selectivity allows for sensitive settings 
that would not be possible with conventional time-overcurrent relays. 


Directional relays are recommended at an industrial plant when it is served by two or 
more utility feeders in parallel or when in-plant generation is in parallel with the 
utility supply lines. These relays are located at the service entrance when no 
transformation is at the industrial plant. With transformation, the directional relays 
are normally located at the secondary circuit breaker, and the relays for Group B and 
Group D are combined in this case. Some utilities accept consumer surplus power 
from the in-plant generators. In such cases, voltage-restrained directional 
overcurrent, voltage-controlled overcurrent, distance, or distance-supervised 
overcurrent relays may be used to distinguish between load and fault current. Close 
communication with the utility company engineers is necessary in the selection of 
relay characteristics and settings so that the protection system is compatible with 
both the utility system protection and plant operating requirements (see Smith 
[B10]). 


Directional overcurrent ground-fault relays (Device 67N) may be used in addition to 
directional phase-overcurrent relays (Device 67) for the complete protection of 
incoming lines for grounded systems. These relays may be required at the line 
terminals of the industrial plant when paralleling incoming lines or when ground- 
fault current sources exist in the customer’s facility. When the industrial plant is 
served by a delta-wye transformer, a Device 67N relay is not used on the delta side 
because no local ground-fault current source exists to supply line-to-ground fault 
current. The Device 67N relay requires zero-sequence current or voltage polarizing. 
Other devices may be used to protect the utility (see IEEE Std C37.95-1989). 


A ground-fault detector relay (Device 64) may be needed to clear a supply-line 
ground fault by disconnecting the supply line at the consumer end. This situation can 
occur when there are parallel supply lines or in-plant generation, with delta-wye 
supply transformers. When the utility end is opened by overcurrent relays during a 
ground fault, the system ground current source is also removed; and the supply line 
then operates as an ungrounded system from the industrial plant. Overvoltage and 
undervoltage relays connected to a line-to-ground voltage transformer (VT) or an 
overvoltage relay connected to the broken-delta secondary of the line-to-ground VTs 
can be used to detect ground faults under this condition. These relays function only if 
ground-fault current is sustained through the system capacitance after the utility 
supply breaker opens. If the fault is cleared, the voltage relays do not operate. The 
phase-to-ground windings of the VTs used for this scheme should be rated for line- 
line voltage. Alternately, a sensitive directional power relay (Device 32) as described 
in 14.4.4 e) can accomplish the same purpose. 


The consumer terminal of pilot relay systems (Device 87L), as described in 14.4.1 c), 
can be used for service-entrance protection and functions to trip the Group B circuit 
breakers and the utility supply circuit breakers. 
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Service reliability on systems 600 V and below may be improved by using current- 
limiting cable limiters on each end of each service cable where there are three or 
more cables per phase. The limiters clear faults on individual cables and allow the 
service to be maintained through the remaining cables assuming the latter have suffi- 
cient capacity to carry the load. 


14.4.3 Group C, supply-transformer protection 


Transformer protection is listed separately even though some of the protection is provided by 
the circuit breakers and relays or fused devices (covered in Group B and Group D) and 
Chapter 11 in this recommended practice is devoted entirely to transformer protection. Nev- 
ertheless, the basic protective devices are described briefly: 


a) 


b) 


c) 


d) 


Time and instantaneous overcurrent phase- and ground-fault relays (Device 50/51 
and Device 50N/51N) are described in 14.4.1 a). These relays should be applied on 
the primary side of the transformer. Where fuses are used for overcurrent protection, 
they should be selected to coordinate with the upstream protective devices and down- 
stream devices. 


Transformer differential relays (Device 87T) provide fast clearing for phase-to-phase 
and phase-to-ground faults. Differential protection is almost universally applied to 
large (i.e., above 5000 kVA) or important transformers when a primary circuit 
breaker or circuit switcher is used. Harmonic-restraint relays are used to allow 
greater sensitivity, but not operate on magnetizing inrush currents. These differential 
relays are arranged to cause both the primary and the secondary circuit-switching 
devices to trip and lock out through a lockout relay (Device 86). For low-resistance- 
grounded transformers, transformer neutral differential protection (Device 87TN) 
should be considered to adequately protect for low-side ground faults in the differen- 
tial zone. 


Pressure relays (Device 63) have gained acceptance as reliable devices for large 
power transformers (i.e., 1000 kVA and larger). They are applicable to all transform- 
ers that have a sealed gas chamber above the oil level. They are sensitive to internal 
turn-to-turn faults and are particularly useful for faults in tap-changing equipment. 
They can be used to supplement the transformer differential relays. 


Transformer oil temperature relays (Device 26) are routinely applied to all liquid- 
filled transformers. Transformer winding temperature relays (Device 49) are usually 
provided with larger (i.e., 1000 kVA and above) power transformers. These devices 
are essentially for overload protection and in many applications merely indicate 
alarm or activate cooling apparatus. They protect against excessive transformer tem- 
peratures. Refer to IEEE Std C57.91-1995. 


14.4.4 Group D, transformer secondary protection 


If no transformation occurs, transformer secondary relays are not involved. Relaying or pro- 
tection at this location also varies with the number of transformers used, whether generation 
is in plant, and other similar considerations. Basic transformer secondary protection includes 
the following: 
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Time-overcurrent phase relays (Device 51) at the transformer secondary are required 
to protect for bus faults and to back up the in-plant feeder overcurrent relays. These 
relays should be coordinated for maximum load conditions and should coordinate 
with plant feeder relaying, bus tie relaying, and the transformer overcurrent relaying. 
Where fuses are used for overcurrent protection, they should be selected to coordi- 
nate with the upstream protective devices and downstream devices. Instantaneous 
units (Device 50) cannot be used for transformer secondary protection without loss of 
selectivity between main and feeder relaying (see Mathltr [B8]). Therefore, if high- 
speed protection for bus faults is desired, bus differential relays (Device 87B) should 
be used. Residually connected overcurrent ground relays (Device 51N) may also be 
eliminated if the transformer neutral ground relay (Device 51TN) is used. 

A transformer neutral ground relay (Device 51TN) is connected to a current trans- 
former (CT) in the grounded neutral lead of the transformer secondary. This relay 
backs up plant feeder ground-fault relays. This relay should trip both the primary and 
secondary breakers because both must be opened to clear faults in the secondary 
winding, in the connections to the secondary breaker, or in the secondary breaker. 
The CT for the Device 51TN relay should be on the transformer neutral bushing so 
that a ground in the neutral resistor does not prevent relay operation. 


Device 51 and Device 51TN provide protection for bus faults when bus differential 
relays are not specified. However, it should be noted that these relays do not selec- 
tively relay a faulted bus section through the bus tie breaker if the tie breaker is not 
equipped with overcurrent relays. The ability to coordinate for bus faults is achieved 
by adding bus tie overcurrent relays or using dedicated bus relaying for each bus sec- 
tion. To selectively trip the main and tie breakers for bus faults, partial differential 
relay protection should be considered on the main and tie breakers. See 
IEEE Std C37.95-1989 for an illustration of this type of protection. 


In a low-resistance-grounded system, the transformer differential relay sensitivity 
may be unable to recognize the low-side line-to-ground fault. In such cases, a 
differential ground relay scheme (Device 87TN) should be used (see Chapter 8 on 
ground-fault protection and Chapter 11 on transformer protection). 

Directional overcurrent phase relay (Device 67) can be useful in dual-service 
arrangements, and the general comments of 14.4.2 b) apply to transformer secondary 
protection as well. In addition, installations with in-plant generation utilize direc- 
tional relaying at Group D to clear faults in the supply circuit or supply transformer 
from in-plant generator and bus sources. 


The directional overcurrent ground relay (Device 67N) may also be applied to the 
transformer low-voltage side, particularly where the ground-fault current is limited 
by resistance grounding of the transformer neutral. 


A directional power relay (Device 32) can be used to disconnect the incoming line 
and the supply transformer when the utility end opens during parallel operation or 
when generation is in plant, but has insufficient current to operate a Device 67 relay. 
A sensitive power relay can be set to detect core power loss when the transformer is 
energized from the secondary side. The reverse-power relay is also used to separate 
the plant if the plant generation becomes isolated (i.e., islanded) with part of the util- 
ity load. However, if the utility buys power from the plant, this relay cannot be used 
because of the normal power flow out of the terminal. 
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14.4.5 Group E, plant feeder circuit protection 


Feeder relaying is selected on the basis of the type of load, type of circuit, and general degree 
of protection required. Some examples of Group E protection are shown in Figure 14-6 
through Figure 14-10. The detailed considerations for load circuits are covered elsewhere in 
this publication. 


14.4.6 Group F, in-plant generator protection 


The presence of in-plant generation adds flexibility and reliability to the consumer’s electrical 
supply sources, but it also adds certain complexities in protection and control. The additional 
protection often needed includes standard generator protective relaying described in detail in 
Chapter 12 and in IEEE Std C37.101-1993 and IEEE Std C37.102-1995. A typical small unit 
has the following generator protection: 


a) Overcurrent relays with voltage restraint (Device 51V) are used to trip the generator 
if a system fault has not been cleared by other protective devices. As described in 
Chapter 12, a sustained fault can result in generator currents that are less than the 
rated load current of the generator. Because the generator terminal voltage is reduced 
during fault conditions, but maintained during normal load conditions, a voltage- 
controlled or voltage-restrained overcurrent relay may be used to provide this backup 
protection. This characteristic allows the overcurrent element of the Device 51V 
relay to trip for currents lower than generator full-load rating when the voltage is 
lower than nominal. 


A distance relay (Device 21) can also be used to provide generator backup protection 
if it can be coordinated with other relays in the plant. 


b) Generator neutral ground time-overcurrent relay (Device 51GN) can be used in much 
the same manner as the transformer neutral ground relay [see 14.4.4b)] if the 
generator is impedance- or low-resistance-grounded. Generators are not normally 
effectively grounded because the mechanical bracing may be limited for three-phase 
fault currents, not the higher line-to-ground fault currents. If the in-plant generator is 
to parallel the transformer, the type of grounding could be either the same as the 
transformer or high resistance. In the latter case, care should be exercised in selecting 
line-to-line voltage rating on the potential transformers used for protection and 
synchronizing and for selecting the surge protective device rating. Furthermore, a 
voltage relay would be used for ground detection on a high-resistance-grounded 
neutral. Surge protection should be provided at the generator. Generator neutral 
grounding protection is further discussed in IEEE Std C37.101-1993 and IEEE 
Std C37.102.1995. 

c) Generator differential relays (Device 87G) protect for faults in the generator or gen- 
erator leads. This relay should have sufficient sensitivity to detect ground faults. 
Depending upon the location of the fault in the generator, the Device 87G relay may 
not be able to detect ground faults. Faults near the neutral connection of the winding 
may be undetectable for common settings of the Device 87G relay. For low- 
resistance-grounded generators, a generator ground differential relay (Device 87GN) 
may also need to be installed to adequately protect the generator for ground faults. 
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d) Frequency relays (Device 81) can be used to operate at preselected frequencies to 
drop load or sectionalize buses in order to keep remaining generation and load in 
operation during disturbances. For load shedding, time delays of 6 cycles to 30 cycles 
(inverse frequency) may be used to shed load or sectionalize on transient or 
temporary conditions. Time-delay settings of 1s to 2s are common to allow the 
system to stabilize for normal load changes. Solid-state frequency relays with two 
inverse-time characteristics can be used for this purpose. Generators are subject to 
overspeeding following loss of load. In most cases, the governor quickly restores the 
frequency to a near normal value, depending on its setting. However, overfrequency 
relaying is sometimes used to provide protection for the generator. The 
manufacturers of combustion and steam turbines and generators should be consulted 
for the system frequency and voltage operating limits. 


An underfrequency condition can occur during a major disturbance on the utility sys- 
tem. During this condition, underfrequency relays can be employed to separate plant 
generation and critical load from the utility. Underfrequency conditions can also 
result from the loss of the utility tie with inadequate generation to carry the plant 
load. In this case, underfrequency relaying may be used to drop nonessential plant 
load in order to match load with generation or to protect a turbine-generator from the 
detrimental effects of underfrequency operation. 


When energy is delivered into the electric supply system, overfrequency and under- 
frequency relays with overvoltage and undervoltage relays may be required to open 
the supply system tie if the plant generation is islanded with part of the supply system 
or utility load. These relays are often required by the electric supplier or utility when 
the plant has local generation to prevent excessive frequency and voltage excursions 
on the electric supply or utility system or to island the facility to maintain plant oper- 
ations (see IEEE Special Publication 88TH0224-6-PWR [B5]). 


Frequency and undervoltage relays may also be needed to disconnect the utility 
service when the supply line is equipped with automatic reclosing. For automatic 
reclosing, the consumer’s main circuit breaker is tripped to protect synchronous or 
large induction motors and generators. 


14.4.7 Group G, bus relaying 


Bus and switchgear relaying is covered in Chapter 13 of this recommended practice and in 
TEEE Std C37.95-1989 and IEEE Std C37.97-1979. 


14.5 Examples of supply-system protective schemes 


Six typical schemes have been selected for detailed analysis in 14.5.1 through 14.5.6, and 
one-line diagrams showing protective relays have been prepared to illustrate these schemes. 
The protective relaying is discussed with cross reference to protection Group A through 
Group G, which appear to the left of the diagrams. These schemes should not be considered 
as preferred or recommended schemes, they are merely examples of various utility tie 
arrangements with suggested relaying. Additional relaying or different configuration of utility 
tie may be used depending on consumer requirements and serving utility. 
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The electric supply system for an industrial plant should be designed to fulfill the particular 
needs of the individual plant (see Linders [B7]). For example, duplicate service equipment 
may be needed for an industrial process requiring a highly reliable supply of electric power. 


14.5.1 Network supply systems below 600 V 


In some areas, the utility tariffs permit supply of power at secondary voltages only, and all 
higher voltage equipment is owned and installed by the utility on the consumer’s premises. 
An example of this type of installation is shown in Figure 14-5. The arrangement is a network 
system with the sources supplying network transformers operated in parallel on a common 
service bus. With this type of installation, network protectors are required and are supplied by 
the utility to segregate a faulted line or transformer from the service bus (see 
TEEE Std C37.108-1989). The network protectors perform three basic functions in the sys- 
tem. They automatically isolate the fault in the primary feeder or network transformers with- 
out dropping load; isolate ground faults in the primary feeders in a single-ended grounded 
delta-wye network transformer; and, on predetermined voltage conditions, automatically 
close the network protector breakers. 


Spot networks are used to provide a high level of service reliability. However, such service 
may have higher available low-voltage fault currents than would be experienced by a service 
of the same load capacity where the secondary of the supply transformers is not operated in 
parallel. In spot network service, a device known as a secondary network protector is con- 
nected between the secondary of the supply transformers and the secondary bus. A network 
protector is an integrated device consisting of controls, protection, and an interrupter. Its 
requirements are given in IEEE C57.12.44-2000. 


Normally, a network protector is not listed by an independent testing authority and thus is 
generally not considered for industrial or commercial use. However, it is sometimes used by 
service providers such as utilities. If an industrial or commercial user wishes to install a spot 
network that is not under the control of a service provider, such as a utility, then listed 
equipment shall be installed that performs the same functions as described in IEEE 
Std C57.12.44-2000. In the selection of a spot network versus some other means of supply, 
consideration has to be given to the level of reliability of service desired, fault-current levels, 
and insulation materials used in the secondary electrical service. A network can provide 
better voltage regulation than a non-network supply system, but the network supply may have 
higher fault currents. For faults on the secondary system, consideration should be given to the 
arc energy and the fault mechanical forces caused by the fault current. Non-network or 
secondary bused systems would normally have lower fault currents (see Smith [B11]). 


NOTE—Recent research conducted by the Electric Power Research Institute (EPRI) has determined 
that certain types of insulation with voids created due to aging, when subjected to conductive liquids, 
can achieve a coking condition that releases volatile gases. If the gases are not dissipated and an arc 
occurs, a condition may result in a manhole event. Some researchers believe that this event would not 
occur at low levels of perspective fault current. However, the coking condition is not a function of the 
perspective fault current, but a function of the resistance of the conductive path and the applied voltage. 


In the example (see Figure 14-5), because the short-circuit current is extremely high, current- 
limiting fuses are necessary to limit this short-circuit current on the customer’s equipment. 
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a. Low voltage power circuit breakers typically have 51N type of integral protection. 
The breakers should have long-time, short-time, and ground protection (LSG) with 
no instantaneous feature to achieve selectivity down stream. 


Figure 14-5—Low-voltage network supply (480Y/277 V or 208Y/120 V) 


However, if the let-through current on these fuses is high, current-limiting fuses may also be 
required on the plant feeder breakers. The plant engineer and the utility representative should 
carefully review the type and design of approved service-entrance equipment. 


The protection required for the consumer’s service-entrance equipment is largely regulated 
by national codes. Circuit breaker, service protector, switch, and fuse selections are governed 
by the continuous-current rating and number of service main circuits allowed. In addition to 
phase-fault protection, NEC Article 230-95 requires ground-fault protection for solidly 
grounded wye service entrances of more than 150 V to ground, but not exceeding 600 V 
phase to phase, rated 1000 A or more. Other system grounding requirements are in NEC 
Article 250. With few exceptions, the service grounded conductor connection to the 
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grounding electrode is required to be made on the source side of the service disconnecting 
means. Ground-fault protection is often recommended on grounded circuits because the 
phase protective devices usually provide little or no protection for low- to medium-magnitude 
arcing ground faults. 


Air circuit breakers or other interrupting switches (Device 52S) in Group B may be provided 
with ground-fault protective devices in conjunction with phase-overcurrent devices, or 
separate ground-sensing relays (Device 51G) may be provided as shown in Figure 14-5. 
Normally, Device 51N is integral with the solid-state trip device of the breaker with long- 
time, short-time, and ground (LSG) protection built-in. Device 51N is most common in 
direct-acting trips on low-voltage power circuit breakers (LVPCBs), as the residual current 
from the three-phase current sensors are used. Ground-fault protection on the plant feeder 
disconnecting means may also be required to coordinate with the service-entrance 
disconnecting means. Refer to Chapter8 for a complete discussion of ground-fault 
protection. 


14.5.2 Fused primary and low-voltage plant bus 


Many utilities permit their customers to own and operate higher voltage service-entrance 
equipment and the associated transformers. Figure 14-6 shows a simple service of this type of 
installation, which is adequate for small industrial customers. The fuse size on the trans- 
former is limited to the maximum size that provides selectivity with the power company’s 
overcurrent relays (in Group A, Device 50/51 and Device 50N/51N), secondary breaker 
(Device 52S) protective devices, and the NEC requirements for transformer protection. This 
selectivity is important to the utility to prevent interruption of service to other customers on 
the same line and to the plant loads. 


No special relaying equipment is provided in Group B.A ground relay (Device 5ITN) is rec- 
ommended in the transformer neutral circuit at location Group C to protect for ground faults 
between the Device 52S breaker and the transformer and for backup protection. Where the 
transformer is not close-coupled to the secondary circuit breaker, protection for this connect- 
ing circuit is dependent on fault clearing by the primary interrupting device, where 
Device 51TN should open the primary device. Because the transformer secondary is low volt- 
age (i.e., 480Y/277 V), the protective devices at Group D are integrally mounted on the 
LVPCBs. If the transformer secondary is 480 V with a high-resistance ground, then the 
Group E protection should have only long-time and short-time (LS) protection with no 
instantaneous or ground protection. 


Transformer primary fuses should be selected with due consideration to the reduced 
magnitude of secondary phase-to-ground arcing faults. 


14.5.3 Single-service supply with transformer primary circuit breaker 
Single-service supply with transformer primary circuit breaker (see Figure 14-7) is more 
expensive, but provides more protection than described in 14.5.2. The fused disconnect 


switch is replaced by a circuit breaker or circuit switcher (Device 52L) and protective relays. 
This is required when the transformer full-load requirements exceed the maximum 
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a. Low voltage power circuit breakers typically have 51N type of integral protection. 
The breakers should have long-time, short-time, and ground protection (LSG) with 
no instantaneous feature to achieve selectivity down stream. 


Figure 14-6—Fused primary with low-voltage plant bus 


CHAPTER 14 


permissible fuse size or when the available short-circuit current exceeds the fuse capability, 
such as for fused cutouts of low interrupting-current ratings. The high-side circuit breaker 
may also be justified to clear low-side ground faults, especially when resistance-grounded as 
shown in this arrangement. Some interrupter switches are also rated to handle this duty. 


The service-entrance overcurrent relays (in Group B, Device 50/51 and Device 50N/51N) 
serve a dual purpose because they provide protection for the transformer and its low-voltage 
bus and provide backup protection for the plant feeders. The phase relays are set for the trans- 
former loading requirements and to coordinate with the low-side bus and feeder relays. These 
relays should also coordinate with the utility relays of Group A. The instantaneous relay 
(Device 50) in Group B should not be set to reach through the transformer. The high-side 
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Figure 14-7 —Single-service supply with transformer primary circuit breaker 


ground relays (Device 51N/50N) may be set low and fast because they have no downstream 
coordination requirements. 


Instantaneous relays (Device 50 and Device 50N) in Group A are usually set for the line 
requirements and should not overreach the consumer circuit breaker (Device 52L). 
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The transformer neutral ground-fault relay (Device 51TN) should trip the primary breaker 
(Device 52L) to clear 4.16kV ground faults, which may not be detected by phase- 
overcurrent relays (Device 51). 


14.5.4 Dual service without transformation 


Figure 14-8 illustrates a method of utilizing a dual service from the utility. With this arrange- 
ment, one service circuit breaker or interrupter switch (Device 52S-1) may be normally open 
and the other service circuit breaker or interrupter switch (Device 52S-2) normally closed, or 
both may be operated closed. One reason for not operating in parallel in this instance is to 
minimize the short-circuit duty on the plants 13.8 kV bus. 


With either Device 52S-1 or Device 52S-2 operated normally open, automatic transfer should 
be used to open the normal breaker and close the alternate breaker in the event of an outage of 
the normal supply line. Automatic transfer (Device 27) should be delayed to coordinate for 
any fault on other portions of the system because the voltage is depressed due to the fault 
until a circuit breaker or a fuse operates to clear it. Overcurrent blocking is utilized to lock 
out both source lines in the unlikely event that the normal service breaker trips due to a bus 
fault or to backup relay operation resulting from the failure of a plant feeder breaker. Because 
of the setting requirement placed by the utility on the overcurrent relays for incoming circuit 
breakers (Device 52S-1 and Device 52S-2), selectivity with the feeder circuit breakers 
(Device 52F) may be difficult to obtain. Selectivity would also depend on the instantaneous 
overcurrent relay (Device 50) at the utility source operating only for faults on the supply line. 


As shown, Figure 14-8 includes directional overcurrent relays (Device 67 and Device 67N). 
These relays should be considered to permit parallel operation of the two supply lines and 
improved service continuity. For successful operation, coordinated settings are desired 
between Device 67/67N, Device 51/51N, and feeder relays at the consumer station and 
Device 51/51N at the utility source. Partial differential bus relaying may be provided to 
quickly clear a bus fault from the supply line. In this case, Device 27 would be used to permit 
manual or automatic reclosing of the Device 52S-1 or Device 52S-2 breaker when the utility 
line is energized. 


Selectivity for faults on the utility system would significantly improve with the application of 
a pilot-wire scheme. Bus transfers could also use a fast transfer scheme if one of the circuits 
is normally an alternate source (see Gabba and Hill [B4]). 


14.5.5 Dual service with transformation 


Figure 14-9 illustrates a preferred dual-service scheme. With this arrangement, the industrial 
plant is protected not only from the loss of a supply line but, in addition, from the failure of a 
primary bus or transformer. The secondary buses are tied together through the normally 
closed tie breaker (Device 52B). 


As shown in Figure 14-9, the high-voltage bus tie breaker (Device 52A) must remain notr- 
mally open because the relaying is obtained from the low side of the transformers and the 
lines must not be tied together. Upon the clearance of either line, the tie breaker can be closed 
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NOTE: 
a. Devices 67 and 67N are directional. Polarity of CTs and PTs must be verified. 


Figure 14-8 —Dual service without transformation 


to pick up both transformers from the remaining line. However, because each transformer 
should be sized to carry the total plant load, little justification exists for the cost of the nor- 
mally open tie breaker for this purpose. 


Redundant transformer differential relays are shown (Device 87T, Device 87T1, and 
Device 87T2) with Device 87T operating from the transformer high-voltage bushing CTs. 


Copyright © 2001 IEEE. All rights reserved. 565 


IEEE 


Std 242-2001 CHAPTER 14 
OPTIONAL - UTILITY SOURCE 138 kV Z OPTIONAL 
_ Ww == Uo 
OY oy 87 N- Geist ene (en) ay r 
\ 21 re Ly =k ay 
GROUP a: (=) & (2) (on) 
A ! 
52 52 ; 
PILOT | | PILOT 
Ls WIRE, $——— to oTHERs « 4 | WIRE 
! CONSUMERS UTILITY i 
=: 1 CONSUMER 
! 
1 ¢ 
1 $I 3 —+(er) ¢- 1-36 (os) | 
; 
bf ) SECONDARY CT (33 qSeCONDARY cT (27) 
1 E t iE i 
GROUP 1 TIE CT TIE CT 
B ; 528-1 528-2 
; 
| Fa@ O® 
1 E&Y & ck 
: a7. st 52A aa & 1 87L } 
Ve oe TT TT ° ver 
SURGE . , SURGE 
— ARRESTER C44 JOG hs T2 —D ARRESTER 
‘I ae | > TO 87 T2 Vea i 
GROUP 
c 
= a 
32 
GROUP 5271 52T-2 
D c 7 
& 3B 
L re [ 
& HOSES & tro s7t2 
LK b 13.8 kV BUS 
= t e ° 2 re o 
52F 52F 52B {sor 52F 
a t® €® F® FE 
E St E E CS, 
our gf + F ef 
Le OH 
io i i 


NOTES: a. Devices 67 and 32 are directional. Polarity of CTs and PTs must be verified. 
b. Overcurrent and bus differential protection should be provided for the main and 
tie breakers, but protection is not shown here. See IEEE Std C37.95 and C37.97. 
If 52B is normally open, then device 67 may not be needed. 
c. Circuit breaker or interrupter switch. 
d. Protection 87TN should also be considered for low resistance grounded transformer applications. 


Figure 14-9—Dual service with transformation 


The preferred differential relay connections (Device 87T] and Device 87T2) include the high- 
voltage breakers, bus work, and transformer bushings in their protective zones. The 
Device 87T CT connection is optional and would be used only where switching operations 
make it necessary to bypass a breaker. This setup is not the case as shown in Figure 14-9. 


A fault in the transformer or on the secondary side of the transformer is seen by one or more 
of the following relays: transformer differential relays (Device 87T, Device 87Tl, and 
Device 87T2), overcurrent relays (Device 50/51, Device 50N, and Device 51N), and ground 
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relays (Device 51TN). The sudden pressure relay (Device 63) operates only for internal trans- 
former faults. Directional overcurrent relays (Device 67) operate for phase faults on the 
respective supply line. Voltage relay (Device 64) operates for sustained ground faults on the 
supply line. When a ground fault is cleared by opening the utility end, the phase directional 
overcurrent relay (Device 67) may operate if it can be set low enough to operate on the mini- 
mum load of other consumers that may be connected to the same line. The directional power 
relay (Device 32) can operate on reversed power flow as low as the transformer excitation 
losses. It cannot be used if any condition of normal line loading results in reversed power 
flow in one transformer. 


Line protective relays (Device 67, Device 64, and Device 32) are all time-delayed as required 
to coordinate with the clearing of faults beyond the utility source bus. Optional line pilot 
relaying (Device 87L) may be added for faster relaying of line faults. 


As shown in Figure 14-9, a fault on one 13.8 kV bus relays both transformers simultaneously 
by Device 51 or Device 51TN relays. Therefore, dedicated bus relaying, differential relaying, 
or partial differential relaying is desirable to selectively relay a fault on one bus. 


Because each installation has a wide variety of individual conditions, the relaying comple- 
ment of Figure 14-9 is used only to illustrate certain protective schemes and is not intended to 
show all the devices that may be required. The transformer differential relay connections on 
all these low-side grounding schemes need particular attention for proper functioning on 
internal and external ground faults. 


Operating the system of Figure 14-9 with the 13.8kV bus tie breaker (Device 52B) open 
subjects each bus to the temporary interruptions of its supply line. It does avoid the need for 
all supply-line and dedicated bus relaying and reduces the fault duty to nearly one-half that of 
parallel operation. One option for operating with the tie breaker closed is to use a partial 
differential scheme on the main and tie breakers to selectively isolate faults. Increased 
transformer capacity could result in fault duty exceeding the capacity of existing switchgear 
and force nonparalleled operation. 


In a similar installation, the utility may require the two lines to be bused at the high-voltage 
closed-bus tie breaker (Device 52A) in order to transmit power through the station. In this 
case, the utility would provide, own, and operate all the high-voltage line and bus switching 
equipment and protective relaying. 


The characteristics of the utility system and requirements of consumer facilities determine 
what protective relaying scheme is required. Each installation would have to be examined 
individually, but the main criteria of the protective relaying scheme should be to isolate the 
faulted equipment as quickly as practicable. 


14.5.6 Single-service supply with in-plant generation 
The single-service supply in Figure 14-10 is the same as shown in Figure 14-7, except in- 


plant generation is added. Many industrial facilities are installing in-plant generation or 
cogeneration to provide power to their processes and in some cases to sell power to the utility 
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or adjacent customers where deregulation of the utility services is changing the way power is 
generated and distributed. The generator, when operated in parallel with the utility system, 
presents many additional protection and control problems. The system probably has to be 
designed to shed load if the utility source is lost. This design can be difficult because accurate 
control is needed by the generator governor to ensure that excessive loading does not occur 
during this load-shedding period. Another problem concerns disconnection of the generator 
from the utility system when the utility source becomes disconnected (i.e., islanded) under 
other than fault conditions. Under these circumstances, the industrial plant’s generator may 
attempt to pick up loads of other consumers as well as plant load normally intended to be 
supplied by the utility system. 


To attempt to solve these problems, a ground detection relay (Device 64) would recognize a 
ground fault on the 34.5 kV side of the transformer and would cause Device 52S to trip. As 
discussed in 14.4.2 c), this is true only if the ground fault is sustained after the utility breaker 
opens and removes the only source of ground-fault current. A directional power relay 
(Device 32) may be provided, which would measure the current flow toward the utility 
source, but would generally not be applied where power is delivered to the utility. 


In some cases, calculations may show that the fault-sensing relay (Device 67) may provide 
this function. But actual setting of Device 67 should be determined before this conclusion is 
reached. 


The utility may require the use of overfrequency and underfrequency relays and overvoltage 
and undervoltage relays. However, the most dependable means of ensuring tripping upon loss 
of the utility source is to provide direct transfer tripping from the utility supply circuit breaker 
to the proper plant equipment. 


If load shedding is used, the underfrequency relay (Device 81) could be set to recognize a 
slowdown of the generator due to overload. This relay could trip the transformer’s secondary 
circuit breaker and preselected feeder circuit breakers to shed load to within the rating of the 
generator. For customer reliability, Device 81, Device 27, and Device 59 should trip the 
incoming main. This gives the customer a generation source in case of utility problems, 
which could be the reason the mentioned relays would trip. The facility should have the 
capability to synchronize across the main incoming breaker to restore utility service without 
shutting down in-plant generation. 


When the main step-down transformer is out of service, an alternate neutral ground should be 
established. In Figure 14-10, the generator neutral is resistance-grounded and provides a 
system ground if the main transformer is out of service. This consideration frequently results 
in a separate source of system neutral grounding, through either a zigzag ground transformer 
or the local generators. The in-plant generators can safely carry the system ground because 
the main transformer delta winding prevents any interaction between the utility system 
ground faults and the local generator neutral system. Various generator and system grounding 
configurations should be considered to reduce fault damage. For low-resistance-grounded 
generators, the generator may require a Device 87GN relay for complete ground-fault 
protection (see IEEE Std C37.101-1993, IEEE Std C37.102-1995, and IEEE Std C62.92.3- 
1993). 
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Figure 14-10—Single service with in-plant generation 


14.5.7 Breaker failure relaying 
A form of backup protection that allows for more local detection and tripping for breaker 


failure is breaker failure relaying (also known as local breaker backup). Some form of breaker 
failure protection is generally used in the electric utility industry and is becoming more 
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common in the industrial customer setting, particularly for generation and cogeneration 
facilities. 


Backup relay protection, including relaying intended to detect breaker failure remotely, has 
been a utility industry standard for many years. Typically, this type of relaying relied on 
impedance relays or overcurrent relays located at terminals remote from the faulted breaker. 
Many solid-state multifunction relays have breaker failure protection (e.g., Device 5OBF) as 
an optional function of the relay. 


Problems in using impedance or overcurrent types of remote backup protection include 


—  Time-delayed tripping may become slow as the remote relays coordinate with the 
downstream relays. At an industrial location, the remote relays for the feeder breaker 
may be the transformer backup protection. These relays would have to coordinate 
with the feeder protection and may be slow enough that the tripping times are 
intolerable. 

— Multiple infeeds on complex lines may not allow impedance relays located at the 
main terminals to see faults on the customer side of the utility-customer interface 
(i.e., transformer low-voltage bus). At the customer location, the backup protection is 
typically a transformer overcurrent relay. The phase relay setting may be set high 
enough because of the load that it is debatable that the relay would even respond for 
certain downstream faults. 

— A greater amount of the electric utility system must be interrupted to provide backup 
at a remote location. 


The basic elements of local breaker failure relay schemes are 


— An overcurrent fault detector used to monitor the current through a protected breaker 
and give positive indication of breaker operation. This fault detector can be aug- 
mented by breaker status contacts in some cases. 

— Breaker failure initiating relays, which are energized by the protective relaying 
associated with each breaker. 

— A timing relay to provide sufficient time to permit normal clearing of the fault before 
tripping the backup breakers. 


In some cases, the fault detectors and the timing function are packaged together in one relay. 
In a typical scheme, when a fault occurs, the breaker failure initiating relays start the timer 
through the contacts of the fault detector. If the breaker opens successfully, the fault current 
drops to zero, the fault detector drops out, and the timer resets. However, if the breaker fails 
to open, the timer operates and trips the backup breakers. 


Breaker failure protection includes the following characteristics: 
a) Because the protection is local, only the breakers adjacent to the failed breaker need 
to be tripped. If the line or feeder is terminated at a ring bus, then transfer trip should 


be included to trip the remote station. Localized tripping reduces the amount of the 
system that is affected. Typically, industrial customers are fed by lines that are tapped 
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with other customer load and everyone benefits when only what is necessary is 
tripped. 


b) Overcurrent relays should be installed to detect the presence of fault current. The 
breaker may have failed with the contacts open and the low-set breaker failure 
overcurrent relays could detect this condition. It is desirable to utilize a high dropout- 
to-pickup ratio to allow for quick reset if the fault is cleared successfully. 


c) Breaker status contacts should be used to supplement the overcurrent fault detector 
where the protection scheme does not rely on fault current to operate (e.g., turbine 
trip). The problem with this type of scheme is that the breaker status contacts are 
mechanically limited and could fail. 


d) Breaker failure relaying aids in maintaining generator stability. As more industrial 
customers install their own generators, this form of protection takes on greater 
significance. 


e) The timer setting for the breaker failure relay should be set to allow the fault detector 
relays to reset after a successful trip. 

f) If only one relay scheme is used in a zone of protection, remote backup relaying is 
still desirable. In this case, breaker failure relaying augments the backup protection, 
but does not replace it. Breaker failure protection should be initiated by the protective 
relays to function. A failure of these relays to operate during a fault defeats the 
breaker failure protection. Therefore, two independent protective relay schemes for 
each zone of protection should be used if remote backup protection is not used. 


g) Breaker failure protection should be installed for vacuum and gas-insulated breakers. 
If vacuum breakers lose vacuum, the breaker will probably flashover due to the close 
separation distances of the contacts. Breaker failure protection should be initiated for 
this condition. If the gas-insulated breakers lose gas, the breaker also runs the risk of 
flashover. Often, the gas-insulated breaker incorporates a low-pressure cutout switch, 
which would disable tripping of the breaker. If this low-pressure cutout switch should 
operate, then breaker failure protection should be initiated directly. 


Breaker failure relaying should be considered for every breaker regardless of the bus arrange- 
ment. Breaker failure protection is more commonly applied to the main utility and plant 
breakers, large generator breakers, and transmission voltage-level breakers. All adjacent 
breakers to the faulted breaker should be tripped, regardless of the fault location. This step is 
especially important for customer locations that have generation. 


14.6 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ANSI C84.1-1982, American National Standard for Electric Power Systems and 
Equipment— Voltage Ratings (60 Hz) 3 


3 ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 
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IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power 
Distribution for Industrial Plants (EEE Red Book) : 


TEEE Std 446-1995 (Reaff 2000), IEEE Recommended Practice for Emergency and Standby 
Power Systems for Industrial and Commercial Applications JEEE Orange Book). 


TEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable Industrial and 
Commercial Power Systems (EEE Gold Book). 


TEEE Std 519-1992, IEEE Recommended Practices and Requirements for Harmonic Control 
in Electric Power Systems. 


IEEE Std 1100-1999, IEEE Recommended Practice for Powering and Grounding Sensitive 
Electronic Equipment (EEE Emerald Book). 


TEEE Std C37.95-1989 (Reaff 1994), IEEE Guide for Protective Relaying of Utility- 
Consumer Interconnections. 


IEEE Std C37.97-1979 (Reaff 1990), IEEE Guide for Protective Relay Applications to Power 
System Buses. 


IEEE Std C37.101-1993, IEEE Guide for Generator Neutral Ground Protection. 
TEEE Std C37.102-1995, IEEE Guide for AC Generator Protection. 


TEEE Std C37.108-1989 (Reaff 1994), IEEE Guide for the Protection of Network 
Transformers. 


TEEE Std C57.12.44-2000, IEEE Standard Requirements for Secondary Network Protectors. 


TEEE Std (C57.91-1995, TEEE Guide for Loading Mineral-Oil-Immersed Power 
Transformers. 


TEEE Std C57.110-1998, IEEE Recommended Practice for Establishing Transformer Capa- 
bility When Supplying Nonsinusoidal Load Currents. 


TEEE Std C62.22-1997, IEEE Guide for the Application of Metal-Oxide Surge Arresters for 
Alternating-Current Systems. 


IEEE Std C62.92.3-1993, IEEE Guide for the Application of Neutral Grounding in Electrical 
Utility Systems, Part I11—Generator Auxiliary Systems. 


NEMA MG 1-1998, Motors and Generators 3 


4TEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 


S5NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 
80112, USA (http://global.ihs.com/). 
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NFPA 70-1999, National Electric Code® (NEC®).6 
UL 1561, Dry Type General Purpose and Power Transformers a 


UL 1562, Transformers- Distribution, Dry Type Over 600V. 
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Chapter 15 
Overcurrent coordination 


15.1 General discussion 


The objectives of overcurrent coordination are to determine the characteristics, ratings, and 
settings of overcurrent protective devices that minimize equipment damage and interrupt 
short circuits as rapidly as possible. These devices are generally applied so that upon a fault 
or overload condition, only a minimum portion of the power system is interrupted. An 
overcurrent coordination study is the comparison and selection of operating times of the 
protective devices that achieve the objectives of the protection system under abnormal system 
conditions. This study should include all devices from the utilization equipment to the source. 


A coordination study also provides data useful for the selection of 


— Instrument transformer ratios 

— Protective relay characteristics and settings 

— Fuse characteristics and ratings 

— Low-voltage circuit breaker ratings, characteristics, and settings 


It also provides other information pertinent to the provision of optimum protection and selec- 
tivity in the coordination of these devices. 


In new installations, electrical equipment ratings often change prior to plant startup, but after 
protective devices have been ordered. These changes should be anticipated when selecting 
protective devices so that the device characteristics are sufficiently flexible to protect the indi- 
vidual load or branch circuit. A preliminary coordination study should be made during the 
early stages of a new system design to verify that the protective device ratings can be selec- 
tive and that the source utility’s protection practices have been considered. The protective 
device settings should be determined after the design has been completed and all load and 
fault currents have been calculated. 


Protective devices are applied to a power system as primary and backup protection. Primary 
protection is the first line of defense against further damage caused by a fault or other abnor- 
mal operating condition. These devices are generally set to operate faster and remove less of 
the power system from service than backup protection. 


Backup protection takes over when the primary protection fails to clear the abnormal condi- 
tion. Backup protective devices and settings are selected to operate at some predetermined 
time interval after the primary device operates. Thus, a backup device should be able to with- 
stand the fault conditions for a greater time period than the primary protective device. For 
most applications, the operation of the backup device isolates circuits in addition to the 
faulted or overloaded circuit. Therefore, a greater portion of the power system is interrupted 
with backup protection. 
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In applying protective devices, it is occasionally necessary to compromise between protec- 
tion and selectivity. While experience may suggest one alternative over another, the preferred 
approach is to favor protection over selectivity. Which choice is made, however, is dependent 
on the equipment damage and the affect on the process. 


In existing facilities, system configurations and operating conditions often change. A new 
coordination study should be performed when the available short-circuit current to a plant 
changes or when significant changes in plant loading occur. This study determines the ratings 
or settings necessary to ensure that selectivity and protection are maintained after system 
changes occur. 


A coordination study should definitely be performed when a fault on the periphery of an 
existing plant unexpectedly shuts down a major portion of the system. Such an event may 
indicate a need to change or reset devices. 


15.2 General considerations 
15.2.1 Short-circuit currents 


When performing a coordination study, some or all of the following information on short- 
circuit currents for each local bus may be necessary: 


a) Maximum and minimum momentary (first cycle) single- and three-phase short-cir- 
cuit current 

b) Maximum and minimum interrupting duty (1.5 cycles to 8 cycles) three-phase short- 
circuit current 

c) Maximum and minimum 30-cycle three-phase short-circuit current 

d) Maximum and minimum ground-fault current 


These values are obtained as described in Chapter 2. 


The momentary currents are used to determine the maximum and minimum currents to which 
instantaneous and direct-acting trip devices respond. 


The maximum interrupting current is the value at which the circuit protection device coordi- 
nation time interval (CTI) is most often established. This practice results in conservative CTIs 
for all values of short-circuit current. The minimum interrupting current is needed to deter- 
mine whether the circuit protection sensitivity is adequate. 


The 30-cycle fault currents (no motor contribution) may be used to set the CTI for time- 
overcurrent protective devices in the system. By the time these protective devices operate, the 
motor contribution to the fault current will have decayed to zero or to minimal levels. Many 
short-circuit calculation programs also have the capability of calculating the current flow to 
and from a bus. The actual fault current flowing through the protective device should be used 
for coordination. In addition, it may be necessary to obtain the X/R ratios applicable to single- 
and three-phase short-circuit currents. 
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15.2.2 Delta-wye transformers 


When faults occur on the secondary of delta-wye grounded transformers, the per-unit fault- 
current magnitude in each phase depends on the type of fault. The fault-current magnitude 
directly affects the coordination of the transformer primary protective device with the 
transformer through-fault protection curve and the secondary protection device. A review of 
these faults is shown in Figure 15-1. 


100 - ——~— = 116% 


1.0 
0.86 
Figure 15-1—Currents in delta-wye grounded transformer for 

secondary phase-to-phase faults 


For a phase-to-phase fault on the secondary of a delta-wye transformer, the per-unit primary 
line current in one phase is approximately 16% greater than the per-unit secondary line cur- 
rent. Also, the primary winding current for a three-phase secondary fault is approximately 
16% greater than for a phase-to-phase secondary fault. 


Similarly, for a single phase-to-ground fault on a solidly grounded transformer secondary, the 
per-unit currents in two phases of the primary are only 58% (1/ /3) of the secondary fault 
current. And for a three-phase fault on the transformer secondary, the primary winding cur- 
rent equals that for a single-phase-to-ground fault. For this condition, the primary protective 
device characteristic curve should be shifted to the right or the transformer damage curve 
should be shifted to the left by 58%. 


These adjustments provide verification that the primary protective device can adequately pro- 
tect the transformer for the various types of secondary faults and ensure proper coordination 
with downstream devices. 


15.2.3 Load flow currents 


In addition to short-circuit and voltage drop studies, a load flow study should be made to 
determine the normal and emergency load currents at each load center and through each 
branch circuit. The load current data are used to establish conductor, equipment, and protec- 
tive device continuous-current ratings. Such data are valuable when setting protective devices 
to protect both the equipment and the installed conductor. 
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15.2.4 Pickup 


The term pickup has acquired several meanings. For many devices, pickup is defined as the 
minimum current that starts an action. This definition is accurately used when describing a 
relay characteristic. Pickup also describes the performance of a low-voltage circuit breaker 
with an electronic trip device. However, the term does not apply accurately to the thermal trip 
element of a thermal-magnetic molded-case circuit breaker (MCCB), which deflects as a 
function of stored heat. 


The pickup of an overcurrent protective relay has generally been considered the minimum 
value of current that causes the relay to close its contacts. The current (or tap) setting of the 
relay and the minimum pickup were synonymous. However, with new technology develop- 
ments in static overcurrent relays, this definition needs more clarification. 


15.2.4.1 Electromechanical versus static relays 


The pickup value for electromechanical induction disk time-overcurrent relays is the mini- 
mum current that causes the disk to start turning and ultimately close its contacts. This value 
is not necessarily the tap setting on the relay. The time it takes the contacts to close is a func- 
tion of the dynamics of the relay’s magnetic circuits and the manufacturer’s tolerances. At the 
pickup value, the time to contact closure is long, and the accuracy is less than desired. Any 
deviation in the applied current results in significant time changes. As a result, manufacturers 
generally do not plot their time curves below 1.5 to 2 times minimum pickup (see 
Blackburn! ). 


The tap or current setting of static relays usually correspond to the pickup current. Also, the 
trip time is much more accurate, especially in the range of 1.0 to 2.0 times minimum pickup. 
However, manufacturers still do not plot their time curves in this range to correspond with the 
electromechanical devices. 


Electromechanical relays with solenoid-actuated devices typically have high-speed operation. 
As such, the tap or current settings of these relays usually correspond to pickup current. 


15.2.4.2 Low-voltage circuit breakers 


For low-voltage power circuit breakers (LVPCBs), pickup is defined as the calibrated value of 
minimum current, subject to certain tolerances, which ultimately cause a trip device to trip 
the circuit breaker. Trip devices can be either electronic or electromechanical, each with 
various timing options. A trip device may be equipped with a long-time delay, short-time 
delay, and/or instantaneous characteristic. Each timing characteristic may have a separately 
adjustable pickup value, which may be set as a multiple or percentage of trip-device rating, 
current-sensor rating, or the long-time delay pickup. The timing characteristic may also have 
separately adjustable time delay ranges. 


‘Information on reference can be found in 15.10. 
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15.2.4.3 MCCBs 


MCCBs with thermal trip elements generally carry 100% of their current rating at 25 °C in 
open air. Therefore, these breakers carry a continuous-ampere rating rather than a pickup 
value. MCCBs should only be applied at 80% of their continuous-current rating (unless 
specifically labeled) and applied within the panelboard construction according to the 
Underwriters Laboratories’ (UL) specification, to maintain adequate ventilation and 
temperature around the MCCB. 


15.2.4.4 Fuses 


Continuous-ampere ratings are also used instead of pickup ratings for fuses. Low-voltage 
power fuses are designed to withstand 110% of their continuous rating indefinitely under 
controlled laboratory conditions. Both single- and dual-element fuses are available up 
through 600 V, with the dual-element fuse utilizing one element for overload and the second 
element for short-circuit protection. Medium- and high-voltage power fuses typically do not 
operate for currents below 200% of their nominal ampere ratings. 


15.2.5 Primary device pickup coordination 


To be effective, the design ratio of the backup device minimum pickup (or continuous) rating 
to the primary device pickup (or continuous) rating should be as small as possible. 


For example, a 600 A trip setting on a low-voltage circuit breaker can hardly be expected to 
back up a motor control center (MCC) 20 A branch circuit protected by an MCCB,; its ratio is 
30 (i.e., 600/20 = 30). 


Another example is determining the setting of a 600 A trip device that protects an MCC, 
where one or more large loads may predominate. Assume that the MCC has only four motors, 
each 75 kW with a full-load motor current of 120 A each and a locked-rotor current of 720 A. 
If three motors are running and the fourth motor starts, a total current of 1080 A passes 
through the low-voltage circuit breaker trip coil. [Total J = (3 x 120) + (1 x 720) = 1080 A, 
assuming a constant motor starting power factor.] Depending upon the motor acceleration 
time, this total current could affect the settings of either or both trip elements (e.g., long-time, 
short-time) of the low-voltage circuit breaker. This 1080 A current should be permitted to 
exist during motor acceleration without tripping the low-voltage circuit breaker. Allowance 
should also be made for longer acceleration time that may occur during allowable low-volt- 
age conditions. (A starting motor power factor may be close to 20%, and a running motor 
power factor may range from 71% to over 90% for integral horsepower three-phase motors so 
the total current would be less than 1080 A.) 


A 600 A trip setting on the supply breaker serving the MCC would coordinate well with each 
of the above loads, which would normally be protected with a long-time pickup of approxi- 
mately 140 A to 150A (.e., ratio 600/150 = 4). 
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15.2.6 Current transformer (CT) saturation 


The function of a CT is to produce a secondary current that is proportional in magnitude and 
in phase with the primary current. This secondary current is applied to protective relays of 
compatible range and load (or burden) characteristics. 


When CTs are operated at or near the knee of their excitation curve, small increases in current 
magnitude can cause the flux density to increase substantially and cause saturation. When 
saturation occurs, the secondary current wave shape becomes distorted, and the signal to the 
protective relays is no longer proportional to the current input. In some cases of severe 
saturation, the output current of the secondary could be near zero on one or more phases. 
Depending on the level of distortion of the secondary waveform and the design of the relay, 
the operation can be affected. 


For electromechanical induction disk relays, the effect of CT saturation is to slow the rota- 
tional speed of the disk. When the CT becomes saturated, the actual secondary relay current 
is less than it should be, its wave shape is distorted, and the relay operates more slowly. This 
condition leads to longer trip times and possible miscoordination. 


Saturation can occur in CTs used to measure low-voltage ground-fault current, especially in 
underdesigned core-balance CTs in backup ground-fault relay applications. Saturation has 
also occurred in the solid-state low-voltage trip devices that use current sensors (which 
should not be confused with CTs, except for the fact that they reduce phase currents to a 
value compatible with their devices electronic circuitry). These current sensors form a resid- 
ual circuit for the measurement of ground-fault current. Normal equipment-starting current or 
downstream phase faults may produce an unbalanced current that can cause a false ground- 
fault current trip. 


In most industrial systems, CT saturation is significant only in circuits with relatively low- 
ratio CTs and high magnitude fault currents. In most cases, these circuits feed utilization 
equipment; therefore, relays with instantaneous settings below the CT saturation point can be 
applied. As one progresses back toward the source, the CT ratios get larger at the same 
voltage level. Also, the CTs have more turns; develop higher voltages; and, therefore, are less 
likely to saturate when standard burdens are applied. Saturation of CTs due to the dc 
component of an asymmetrical fault current can cause a delay in the operation of some 
instantaneous relays. It can also cause false tripping of residually connected instantaneous 
ground-fault relays. 


See the example in Chapter 3 for possible problems and solutions to CT saturation. 


15.3 Overcurrent protection guidelines 
15.3.1 General 


Before proceeding with overcurrent coordination, the individual load or branch circuit pro- 
tection should be applied in accordance with accepted guidelines recommended or mandated 
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by the National Electrical Code® (NEC®) (NFPA 70-1999), American National Standards 
Institute (ANSI), Canadian Standards Association (CSA), Canadian Electrical Code (CEC), 
International Electrotechnical Commission (IEC), and the Institute of Electronic and Electri- 
cal Engineers (IEEE), or a similar code or body, where applicable. The NEC is primarily a 
safety code; but does offer specific protection requirements for electrical equipment. Enforce- 
ment of this code is the prerogative of the authority having jurisdiction. 


15.3.2 Conductors 


Continued overcurrents increase the resistance heating (PR) of conductors and can decrease 
cable insulation life and cause failures. Conductors are normally protected by overcurrent 
protective devices, with the pickup settings based on the cable ampacity. The NEC provides 
tules for the protection of conductors. These rules are generally based on the long-time 
pickup rating of the protective device and the normal full-load rating (or ampacity) of the 
conductor. 


The conductor short-time heating limits, based on short-circuit currents or on allowable 
emergency overload currents, are additional points that should be plotted to ensure that the 
protective devices provide adequate protection for the conductor. 


In coordinating system protection, the conductor should be able to withstand the maximum 
through-fault current for a time equivalent to the tripping time of the upstream protective 
device. Figure 15-2 illustrates the basic criteria for conductor protection using an MCCB. See 
Chapter 9 for more detail on how to determine the emergency overload and short-circuit 
withstand capability of the conductor to be protected. 


Another factor in protecting the circuit cable is the maximum short-circuit current available at 
the extremity of the cable circuit. The conductor insulation should not be damaged by the 
high conductor temperature resulting from current flowing to a fault beyond the cable 
termination. As a guide in preventing insulation damage, curves of conductor size and short- 
circuit current based on temperatures that damage insulation are available from cable 
manufacturers. Typical curves are shown in Chapter 9 and also in IEEE Std 141-1993. In 
coordinating system protection, the cable should be able to withstand the maximum through- 
short-circuit current for a time equivalent to the tripping time of the primary relay protection 
or total clearing time of the fuse. Many times this requirement determines the minimum 
conductor size applicable to a particular power system. If it is not possible to select a device 
that will protect the cable insulation, it is recommended that a conductor large enough to 
carry the current without insulation damage be used. See Chapter 9 on conductors. 


15.3.3 Motors 


The overcurrent protection of motors includes both overload and short-circuit protection, as 
required by the NEC. However, additional factors should be considered when applying over- 
current protective devices to motors. These factors include locked-rotor current, acceleration 
time, and safe stall time. Complications arise from the fact that the same devices that protect 
the motor from thermal damage must also allow the motor to start. 
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Figure 15-2—Basic criteria for conductor protection using an MCCB 


Motor protection points that are generally plotted on the overcurrent coordination curve 
include root-mean-square (rms) asymmetrical starting current, locked-rotor current, 
acceleration time, allowable stall time, and full-load current. The motor starting curve 
normally shows the symmetrical starting current, but the initial starting current is 
asymmetrical with the maximum occurring at a 0.5 cycle (see Bradfield and Heath [B3]; 
Burke and Finley [B4]; Nailen [B12]). Peak-current-sensing protective devices are sensitive 


The numbers in brackets preceded by the letter B correspond to those of the bibliography 15.11. 
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to this current. Therefore, engineering judgment should be used when choosing the protective 
device type and settings to account for the asymmetrical current during startup to prevent 
false tripping of the short-circuit protective device. 


A typical rms asymmetrical starting inrush current would be about 1.76 times the 
symmetrical locked-rotor current. This inrush factor is influenced by the point on the voltage 
waveform on each phase when the contactor closes, the X/R ratio of the power system, and 
the X/R ratio of the motor. This inrush factor could be as high as 2 to 3 times for stiff power 
systems for large high-efficiency motors (see Bradfield and Heath [B3]; Burke and Finley 
[B4]; Nailen [B12]; Padden and Pillai [B13]). The locked-rotor current should be obtained 
from manufacturer’s data, the locked-rotor NEMA code letter on the nameplate, or 
Table 151A and Table 151B of NEC Article 430. The acceleration time of the motor, based 
on the normal means used to start the motor and driven load, should be plotted. The motor 
acceleration time can be obtained from the motor manufacturer. The motor permissive stall 
time, which may be given as both hot and cold stall times, should be plotted as well. The 
overcurrent protection should give enough time delay to allow the motor to start, but not so 
much that the operating time at locked-rotor current is above the permissive stall times. If the 
acceleration time is above the stall time, special relaying considerations may be required. The 
motor full-load current should be plotted, and a benchmark should also be plotted for the 
maximum permitted overcurrent device setting for overload protection based on the NEC. 


Motor overload and short-circuit protection are often provided by a combination of devices. 
On low-voltage systems, this combination is usually an overload relay with a current-limiting 
fuse or an overload relay with a low-voltage circuit breaker. The overload relay should be 
selected (or set) based on the full-load current and service factor of the motor. The fuse or cir- 
cuit breaker should be selected or set to protect the motor circuit during short circuits, but 
should not interrupt normal starting currents. As a result, the time-current characteristic 
(TCC) of the combination device must fall below and to the left of the motor thermal limit 
curve and fall above and to the right of the motor starting curve. Figure 15-3a, Figure 15-3b, 
and Figure 15-3c illustrate these criteria using a fuse, a magnetic-only MCCB combination 
starter, and a thermal-magnetic MCCB combination starter, respectively. Refer to Chapter 7 
and Chapter 11 for more details regarding motor overcurrent protection and protective device 
selection. 


NOTE—Where two time-current curves intersect, as in the case of the overload and fuse curves in 
Figure 15-3a, the normal convention is to eliminate the portion of the curves above and to the right of 
the point of intersection, as indicated by the dotted-line intersection (see Cardinal [B5]). However, for 
completeness, the entire curve is shown throughout this chapter. 


15.3.4 Transformers 


Transformers are subject not only to insulation damage from prolonged overloads and short 
circuits, but also to mechanical damage from the tremendous stresses experienced during a 
fault. Because of their importance in the plant electrical distribution system, the transformer 
should be not only well-protected, but also secure from inadvertent trips due to faults else- 
where in the system. The NEC requires that transformers be protected from overcurrent with 
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the use of protective devices on the primary or secondary, or both. The important factors to be 
considered when coordinating transformer protective relays are 


— Transformer voltage, kilovoltamperes, and impedance ratings 

— Primary and secondary winding connections 

— Connected load 

— Transformer magnetizing inrush current 

— Transformer thermal and mechanical protection curves 

— _ Short-circuit current available on both the primary and secondary 


TEEE Std C57.109-1993 recommends protection based on the size of the transformer and the 
number of estimated through-faults that the transformer is expected to encounter. The 
through-fault protection curves contained in IEEE Std C57.109-1993 should be used as the 
basis for setting transformer overcurrent protective relays. 


In addition, the maximum inrush current, usually assumed to be at 0.1 s and ranging from 8 
to 12 times the transformer self-cooled rated current, should be plotted to ensure the protec- 
tive relays do not trip on transformer energization. 


A final protection point is the maximum permitted overcurrent setting for overload and short- 
circuit protection based on NEC rules. The NEC overcurrent protection rules are based on 
whether the transformers 


— Are above or below 600 V and 
— Have not more than 6% impedance (or, if more than 6%, then not more than 10% 
impedance) 


The overcurrent device on the transformer primary should provide protection against thermal 
and mechanical damage, yet allow the normal connected load to flow. (Refer to Chapter 11 
for the details concerning overload protection, thermal, and mechanical damage curves.) 


Figure 15-4a and Figure 15-4b illustrate the factors described in this subclause using a vari- 
ety of protective devices. 


15.3.5 Generators 


Generators are complex and require a variety of protective devices. Overcurrent devices usu- 
ally provide backup protection to other generator relays, such as differential. 


Because the short-circuit current available from a generator decreases over time, the use of 
standard overcurrent relays is not practical. The relay pickup setting should be low enough to 
trip in response to the minimum sustainable generator contribution (i.e., synchronous current 
E/X), but should not trip unnecessarily due to normal overloads. To accommodate these 
requirements, a voltage-restrained or voltage-controlled overcurrent relay (Device 51V) is 
used. This device allows the relay to differentiate between system faults and generator faults. 
When a fault occurs near the generator, the depressed voltage allows the voltage-restrained 
relay to become more sensitive (i.e., the characteristic curve shifts to the left) as shown in 
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Figure 15-4a—Coordination plot for transformer primary protection using 
protective relay 


Figure 12-33. The voltage-controlled relay operates as a simple switched overcurrent relay. 
Both of these relays require coordination with local and upstream protective devices. The 
voltage-restrained overcurrent relay should be selective over its entire range of operation. 
Refer to Chapter 12 for details regarding the operation of these relays. 
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Figure 15-4b—Coordination plot for transformer primary protection using 


fuse 


In addition, many small, low-voltage generators are protected only by MCCBs or power 
circuit breakers with direct-acting trip devices. These protective devices may provide fault 
protection for the generator, but probably will not provide any backup protection for system 
faults, due to the generator decrement. See 12.3 for a description of generator decrement 


curves. 
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15.4 Time-current characteristic plots 
15.4.1 Curve interpretation 


A basic understanding of TCC plots is the foundation for performing any coordination study. 
A TCC curve defines the operating time of a protective device for various magnitudes of 
operating current. Published curves assume that the operating current is consistent for the 
period of operation. What is generally described as a typical time-current coordination plot 
actually consists of multiple device curves plotted on a single page. The device curves are 
plotted on log-log paper with time on the ordinate and current on the abscissa. The time scale 
normally covers a range from 0.01 s to 1000s; however, any desired current scale can be 
obtained by simply multiplying the existing scale by an appropriate factor of ten. The multi- 
plying factor chosen and the voltage level on which the currents are based should be noted on 
the coordination plot. 


On a typical coordination plot, time zero is considered as the time at which the fault occurs, 
and all times shown on the plot are the elapsed time from that point. The relative position of 
the device characteristic curves on the plot reflects the response time of each device for a 
given fault-current magnitude. The region below and to the left of the characteristic curve is 
the nonoperate area. For current magnitudes and durations in this region, the overcurrent 
device does not operate. The region above and to the right is the operate (or tripping) area. 
For simple radial systems, all devices between the fault and the power source experience 
roughly the same fault current. 


Starting at time 0.01 s and a given value of fault current and proceeding upwards along the 
plot at the value of fault current, the first device whose curve is intersected should be the first 
device to operate. The intersection at this point also indicates the device operating time. Con- 
tinuing along the abscissa, the next curve should be the closest upstream protective device, 
which provides backup protection. In general, to minimize the loss of service, this upstream 
device should not operate until the first device is given adequate time (or margin) to detect 
and clear the fault. 


15.4.2 Curve variations 


In order to coordinate various combinations of devices, an understanding of their operation 
and characteristic curve is necessary. Two basic forms of characteristic curves are drawn: 
single-line and banded. The single-line curve, characteristic of overcurrent relays, indicates 
the approximate time that the device will close its contacts to initiate the opening of a circuit 
breaker. As shown in Figure 15-5a, for current F;, the device operates at time T,. The total 
time for the fault to be cleared is time T, plus setting errors, manufacturing tolerances, and 
breaker tripping time. Interrupting times for medium- and high-voltage circuit breakers acti- 
vated from a relay signal are typically on the order of 1.5 cycles to 8 cycles. The interrupting 
times of low-voltage circuit breakers (either power or air frame) and insulated case circuit 
breakers (ICCBs) are acknowledged to be in the range of 3 cycles to 5 cycles. MCCBs can 
have clearing times as low as 0.5 cycle. 
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Figure 15-5a— Overcurrent trip time characteristic for a given fault for 
a protective relay 


The banded curve, characteristic of fuses and low-voltage circuit breakers, includes toler- 
ances and operating time. As shown in Figure 15-5b, T, is the maximum time that fault F, 
can exist before the device initiates operation. Time T, represents the maximum time that the 
device should take to interrupt and clear the fault. Various overcurrent devices, characteristic 


curves particular to each, and coordinating methods of each are discussed in 15.4.3 through 
15.4.6. 
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Figure 15-5b—Overcurrent trip time characteristic for a given fault for a fuse 


15.4.3 Time-overcurrent relays 


A time-overcurrent relay characteristic is generally plotted as a single-line curve. Curves for 
specific relays are provided by the manufacturer on log-log paper and include the available 
range of time-delay (or time-dial) settings. The term time dial originates from the 
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electromechanical time-overcurrent relays that have a dial with continuous adjustment from 
typically 0.5 to 10. Indentations on the dial correspond to the characteristic curve numbers 
provided by the manufacturer. Selection of any other position requires curve extrapolation 
and testing of the relay to ensure proper settings. 


The term time dial has carried over to static relays where adjustment of the time delay is also 
provided. The major difference is that static technology provides a greater degree of curve 
selectivity and accuracy. 


Figure 15-6 shows a typical family of relay time-dial curves. For a given current, the time- 
dial selection indicates the time required for the relay to close its output contacts. The higher 
the time-dial setting, the greater the time to contact closure. This feature is useful when CTIs 
are being established (see 15.5). The characteristic curve can be moved on the coordination 
plot as required to achieve coordination. 


The pickup current of the relay is determined by the CT ratio and the tap setting of the relay. 
The pickup current selection provides the flexibility to move the characteristic left and right 
on the coordination plot, and the time dial provides adjustment up and down. 


Characteristics of time-overcurrent relays have historically been defined as either inverse or 
definite time. The definite-time relay operates within a given time regardless of the magnitude 
of the current, as long as the current is generally several multiples of minimum pickup and 
below the saturation limit of the CTs. The inverse time-delay relay has an operating time that 
is inversely proportional to the current magnitude. In other words, the higher the fault current 
magnitude, the faster the relay operates. Manufacturers may also offer other types of relay 
characteristics, such as a fixed-time curve, Pt curve (i.e., a form of inverse-time curve), and 
curves corresponding to different international standards. 


Within the inverse characteristic, several families of curves exist with different degrees of 
inversity. When exposed to a given input current above the minimum pickup value and with 
identical time-dial settings, an extremely inverse relay operates faster than a very inverse 
relay, which in turn operates faster than a standard inverse relay. Figure 15-7 shows the rela- 
tive shape and inversity of the characteristics. 


The relay having an inverse or very inverse characteristic is most commonly used, and ideally 
the same inverse characteristic is used throughout the system. Relays with definite-time char- 
acteristics are used in medium-voltage motor protection circuits, ground-fault protection, and 
any similar application where a wide range of fault currents may exist with few stages of 
coordination. Selection of relay curve characteristics is often based upon preferences or stan- 
dardization. In other words, the application is more of an art than a science. 
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Figure 15-7—Relative shape and inversity of 
typical relay time-current curves 
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15.4.4 Low-voltage circuit breakers 


Low-voltage circuit breaker characteristics are usually plotted as banded curves and are 
available in a variety of forms depending on the manufacturer and type of circuit breaker. 
Electronic trip devices are used primarily on LVPCBs, but can also be found on ICCBs and 
MCCBs. These devices offer adjustable long-time, short-time, instantaneous, and ground- 
fault protection. The manufacturer’s curve should be used to plot each portion of the 
characteristic to form the composite curve. Depending upon the application, any or all of the 
options can be used. Figure 15-8 illustrates a typical electronic breaker characteristic. 


Tripping characteristics of thermal-magnetic MCCBs offer fewer selections than the elec- 
tronic trip breakers. The thermal element provides overload protection while the magnetic 
element provides short-circuit protection. The most common characteristic, illustrated in 
Figure 15-9, has a fixed long-time pickup and an adjustable instantaneous pickup. Higher 
rated MCCBs sometimes have adjustable long-time pickup or even electronic trip units. 
Small MCCBs typically have nonadjustable long-time and nonadjustable instantaneous 
pickup settings. 


MCCBs with only magnetic adjustable trip elements are typically used in combination motor 
starters for short-circuit protection. This characteristic is a simple instantaneous pickup as 
shown in Figure 15-10. For more detailed discussion of these and other low-voltage circuit 
breakers, see Chapter 7. 


15.4.5 Multifunction motor protection relays 


Most motor protection relays are static devices that provide overload and short-circuit protec- 
tion in addition to a wide variety of other protection capabilities. Some motor protection 
relays include motor control functions as well. The relay can be used for either total motor 
protection (i.e., as when installed on a circuit breaker starter) or in combination with a fuse, 
which provides short-circuit protection. Figure 15-11a and Figure 15-11b illustrate these two 
combinations. 


15.4.6 Fuses 


Fuse characteristics are typically provided by the manufacturer on two curves. These curves 
correspond to the minimum melting and total clearing times for each fuse size shown. When 
combined on a coordination plot, these curves form a banded characteristic that indicates the 
total operating time of the fuse from the time it begins to melt until the fault is totally cleared. 
These characteristics are shown in Figure 15-5b. See Chapter 5 and Chapter 6 for more infor- 
mation on low- and high-voltage fuses, respectively. 


15.5 CTIs 


When plotting coordination curves, certain time intervals should be maintained between the 
curves of various protective devices to ensure correct selective operation and to reduce nui- 
sance tripping. Without adequate CTIs, these protective devices could trip incorrectly. 
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Figure 15-8—Typical electronic low-voltage circuit breaker trip characteristic 
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Figure 15-9— Thermal-magnetic MCCB operating characteristic 
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Figure 15-10—Magnetic-trip MCCB operating characteristic 
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Figure 15-11a—Motor protection using a motor protection relay 
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Figure 15-11b—Motor protection using a motor protection relay in 
combination with a fuse 
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The characteristic curves of overcurrent relays are single line and, as such, do not include 
allowances for setting errors, manufacturer’s tolerances, or circuit breaker operating time. In 
addition, the induction disk element of electromechanical overcurrent relays typically experi- 
ences disk overtravel after the fault current is removed. 


Banded characteristic curves, such as for fuses and low-voltage circuit breakers, can be easily 
coordinated with one another by simply allowing clearance between the characteristics plot- 
ted on the coordination curve. Some manufacturers recommend a safety factor between the 
minimum melt curve of the upstream fuse and the total clearing curve of the downstream fuse 
to avoid partial melting of the upstream fuse. In any case, the characteristic curves should not 
overlap. 


When coordinating overcurrent relays with one another or with any other device, considering 
the location of the relays with respect to other devices is necessary. The CTI desired between 
the characteristic curves is usually 0.3 s to 0.4 s when coordinating induction disk overcurrent 
relays in series with one another. This interval is measured between the relay characteristic 
curves at the lesser value of either the instantaneous pickup setting of the downstream device 
or the maximum fault-current level that can be experienced simultaneously by both relays 
(see Figure 15-12). 


All device settings should be field-calibrated. Field calibration allows the CTI to be reduced 
by 0.05 s and results in closer CTIs as shown in Table 15-1 and Table 15-2. 


Table 15-1—CTIs without field calibration 


CTI without field testing 


Components 
Electromechanical Static 


Circuit breaker opening time (5 cycles) 


Relay overtravel 


Relay tolerance and setting errors 


Total CTI 


A 0.30 s margin, representing a conservative average, is widely used in field-tested systems 
employing very and extremely inverse electromechanical overcurrent relays with 8-cycle 
breakers. 


When static overcurrent relays are used, the disk overtravel component is eliminated, and the 
CTI can be further reduced to 0.20 s to 0.30 s. For systems using induction disk relays, disk 
overtravel can be reduced by employing a special high-dropout instantaneous element set at 
approximately the same pickup as the time element with its contact wired in series with the 
main relay contact. The CTI in this case is often reduced to 0.25 s to 0.35 s assuming an 8- 
cycle breaker. 
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Figure 15-12—Example of CTI between two relays 
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Table 15-2—CTIs with field calibration 


CTI with field testing 


Components 
Electromechanical Static 


Circuit breaker opening time (5 cycles) 


Relay overtravel 


Relay tolerance and setting errors 


Total CTI 


When coordinating relays with downstream fuses, the circuit breaker operating time is not an 
issue. The total clearing time of the fuse at the coordination current should be used as the 
starting point of the time interval. When an upstream induction disk overcurrent relay has 
settings calibrated by test, the interval can be set at 0.22 (i.e., disk overtravel plus relay 
tolerance). If a static relay is used, the interval can be set at 0.12 s. 


When coordinating relays with upstream fuses, the circuit breaker operating time becomes a 
factor. Allowance should be included in the coordination interval for breaker operating time 
along with the relay tolerance. 


The coordination of relays with low-voltage circuit breakers using direct-acting trip units is 
similar to that of relays with fuses in that the characteristic curve of the breaker includes the 
operating time of the breaker. The coordination time can be determined as explained for 
fuses. 


Table 15-3 summarizes the minimum CTIs normally encountered in industrial applications. 
These values represent the minimum value and need not apply to every situation. For systems 
with multiple cascaded devices, these intervals can be used to minimize the time-delay 
setting of upstream devices and limit as best possible the burning damage of the fault. For 
systems with few cascaded devices, more liberal intervals can be used to reduce nuisance 
tripping while still providing adequate protection against burning damage. 


15.6 Initial planning and data required for a coordination study 
Seven steps should be followed in planning a coordination study: 


a) Develop a one-line diagram of the system or portion of the system involved in the 
study. Most of the data on this diagram are used in calculating the short-circuit cur- 
rents, load-flow currents, and protective device settings and ratings. The design of the 
protection system should follow the recommended principles of protection outlined 
in other chapters of this recommended practice to minimize the number of modifica- 
tions to the diagram necessary to achieve a coordinated system. The following 
required data for a coordination study should be shown on the diagram: 


604 Copyright © 2001 IEEE. All rights reserved. 


IEEE 


OVERCURRENT COORDINATION Std 242-2001 


Fuse 


Table 15-3 —Minimum CTIs@ 


Upstream 


Downstream Electro- 


Low-voltage | wechanical | Static relay 
breaker 
relay 


Low-voltage circuit breaker 


Electromechanical relay (5 cycles) 


Static relay (5 cycles) 


Relay settings assumed to be field-tested and -calibrated. 
°CS = Clear space between curves with upstream minimum-melting curve adjusted for pre-load. 
“Some manufacturers may also recommend a safety factor. Consult manufacturers’ time-current 


curves. 


1) 


2) 


3) 


4) 


5) 


6) 


7) 


Bus and circuit breaker data. Show all bus and circuit breaker voltage, current, 
withstand, or interrupting ratings, and show their tripping times. Also indicate 
normally open or closed circuit breakers. 


Transformer data. Show voltage ratings (both primary and secondary windings), 
kilovoltampere ratings (i.e., self-cooled, fan-cooled), impedance (include 
tolerances if equipment has not been manufactured), winding connections, tap 
positions, and type of system grounding (if resistance-grounded, show size or 
amperage and time rating of resistor). 


Generator data. Show subtransient, transient, and synchronous reactance; kilo- 
voltampere rating; voltage rating; connection and type of system grounding; and 
power factor. 


Cable data. Show conductor sizes and lengths, type of conductor, temperature 
ratings, and conductor configurations. 


Utility data. Show utility voltage, short-circuit MVA capability (e.g., the utility 
per-unit impedance shown on a specific kilovolt and kilovoltampere base or 
short-circuit current capability), and X/R ratios (e.g., three-phase, single phase- 
to-ground). 


Protective device information. Show all relay, fuse, circuit breaker, and CT 
locations and connections, along with their associated trip circuits. This 
information should include the device number and quantity for relays; fuse 
minimum melting, maximum clearing, and continuous-current ratings; and the 
CT ratios (including indication of multiratio CTs). Show the frame size and 
ampere trip ratings of MCCBs, ICCBs, and LVPCBs. This information should 
include sensor and plug ratings and trip functions (e.g., long-time, short-time, 
instantaneous, ground-fault). 


Load data. Show motor horsepower or kilovoltampere ratings and indicate total 
connected loads and standby loads (e.g., motor full-load amperes, locked-rotor 
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e) 
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amperes, power factor, safe stall times, acceleration times, motor subtransient 
and transient reactance). 
8) Switchboard and switchgear data. 


NOTE — Switchboards built to NEMA standard may have only a 50 000 A short-circuit 
withstand rating, but could have a higher rating if circuit breakers larger than 3200 A are 
used. 


Determine the various normal, temporary, and emergency operating configurations 
for the system. These configurations may affect the maximum short-circuit and load 
currents. 

Determine the load flow in the system. The load current data are valuable when set- 

ting the protective devices to protect the equipment because they are used to establish 

cable, equipment, and protective device continuous ratings. These ratings are used to 
determine the minimum pickup settings of the various protective devices. 

Determine the level of the following currents at each location in the system: 

1) Maximum and minimum momentary single- and three-phase short-circuit 
currents 

2) Maximum and minimum interrupting duty three-phase short-circuit currents 

3) Maximum and minimum ground-fault currents 

Determine the characteristics of protective devices in the system and collect the TCC 

curves from the various protective device manufacturers on standard log-log paper. In 

addition to the protective device information listed in Item a) 6), obtain the specific 
manufacturer information, such as the model number, catalog number, style number, 
tap range, time-dial range, definite time-delay range, and instantaneous trip range. 

Much of this information is typically shown on the manufacturer’s time-current 

curves. The range of adjustment for long-time pickup and delay, short-time pickup 

and delay, instantaneous trip, and ground-fault pickup and delay functions on multi- 
function low-voltage circuit breakers is also needed. 

Collect the thermal damage limit curves (i.e., Lt curves) for the various devices in the 

system, including for 

1) Cables. The cables in the system should not be exposed to short-circuit current 
magnitudes that damage the conductor insulation due to the high temperature 
levels. This includes any currents flowing to a fault beyond the cable 
termination. As a guide in preventing insulation damage, typical cable damage 
curves plotting short-circuit current levels versus time duration of the fault 
current (based on conductor size and temperature rating) are available in 
Chapter 9, in IEEE Std 141-1993, or from cable manufacturers. The system 
protection settings should be set so that any cable can withstand the maximum 
through short-circuit current for a time equivalent to the tripping time of the 
relay protection plus circuit breaker operating time, or the total clearing time of 
the fuse. This may determine the minimum conductor size applicable to a 
particular power system. 

2) Transformers. The transformers in the system also need to be protected from 
high levels of short-circuit currents. The transformer through-fault duration 
curves can be found in Chapter 11 and in IEEE Std C57.109-1993. 

3) Motors. The motors in the system should also be protected from high levels of 
currents, including both short-circuit and overload levels. Therefore, the Pt 
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motor damage curve (usually not available) or a safe stall time at a locked-rotor 
current should be collected from the motor manufacturers for all motors in the 
system. 
Determine the existing settings of the upstream or downstream overcurrent devices 
that have to be coordinated with the portion of the system involved in the study. This 
step may include collecting equipment ratings and overcurrent device settings from 
the utility or involve a field survey of the device settings at the existing location. The 
upstream relay settings may limit the selective coordination of the system. 


15.7 Procedure 


15.7.1 General discussion 


Overcurrent coordination is a trial-and-error procedure in which the TCC curves of the 
various devices in series are graphically plotted on log-log paper so that selective 
coordination may be achieved. The device setting process is a compromise between the 
opposite goals of maximum equipment protection and maximum service continuity; 
therefore, complete selective coordination may not be achieved in all systems. The following 
procedure shows the logical progression of steps needed to effectively construct the time- 
current coordination plots and set the time-overcurrent protective devices in the system. 


a) 


b) 


Select the circuit to be coordinated. Start at the loads in the circuit (at the lowest volt- 
age level) and work back toward the power source. Determine the branch circuit with 
the largest current setting. Typically, this point will be the largest motor on the branch 
circuit due to the high inrush current seen during starting. However, a feeder branch 
circuit should be selected if it has a higher current setting. 

Select the proper current scale. Considering a large system or one with more than one 
voltage transformation, the characteristic curve of the smallest device is plotted as far 
to the left of the paper as possible so that the curves are not crowded at the right of the 
paper. The maximum short-circuit level on the system is the limit of the curves to the 
right, unless it seems desirable to observe the possible behavior of a device above the 
level of short-circuit current on the system under study. The number of trip character- 
istics plotted on one sheet of paper should be limited. More than four or five curves 
on one sheet becomes confusing, particularly if the curves overlap. (Refer to 
Figure 15-15 and Figure 15-16 in 15.7.2.) 


All relay characteristics should be plotted on a common scale even though they are at 
different voltage levels. As an example, consider a system on which a 750 kVA 
transformer with a 4160 V delta primary and a 480 V wye secondary is the largest 
piece of equipment. Assume that this transformer is equipped with a primary circuit 
breaker and a main secondary circuit breaker supplying some feeder circuit breakers. 
On this system, full-load current of the transformer at 480 V is (750 x 10°)/(480 x 
/3) = 902 A. When 902 A is flowing in the secondary of the transformer, the current 
in the primary of the transformer is the same value of current (i.e., 902 A) multiplied 
by the voltage ratio of the transformer (480/4160 = 0.115). In the case under 
consideration, the primary current would be 902 x 0.115 = 104A. If the full-load 
current is established to be | per unit, then 902 A at 480 V = 104 A at 4160 V. As far 
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as the time-current coordination curve is concerned, both 104 A at 4160 V and 902 A 
at 480 V represent the same value of circuit current: full load of the 750 kVA 
transformer and | per unit current. 


Plotting current on the time-current plot, 902 A at 480 V is the same as plotting 
104 A at 4160 V. This type of manipulation permits the study of devices with several 
different system voltage levels on one coordination plot if the proper current scales 
are selected for the plot. 


Draw a small one-line diagram of the circuit that is to be plotted on this curve to use 
as reference for the characteristic curves on the plot with the devices on the diagram. 


On the log-log graph paper, indicate these important points (if applicable): 

1) Available maximum short-circuit currents 

2)  Full-load currents of transformers and significant load-flow currents 

3) Pt damage points or curves for transformers, cables, motors, and other 
equipment 

4) Transformer inrush current points 


5) The motor-starting curve indicating the locked-rotor current, full-load current, 
and acceleration time of the motor 


6) Short-time rating of switchboards and switchgear 


Begin plotting the protective device characteristic curves on the plot starting at the 
lowest voltage level and largest load. Once a specific current scale has been selected, 
calculate the proper multipliers for the various voltage levels considered in the study. 
Characteristic curves for the protective devices and damage curves for the equipment 
can then be placed on a smooth bright surface such as a white sheet of paper or on an 
illuminated translucent viewing box or drawing box. The sheet of log-log paper on 
which the study is being made is placed on top of the protective device characteristic 
curve or equipment damage curve with the current scale of the study lined up with 
that of the device or damage curves. The curves for all the various settings and ratings 
of devices being studied may then be traced or examined. 


The selective coordination of the protective devices should be based on the limiting charac- 
teristics of the particular devices in series (including the coordination intervals mentioned in 
15.5), the boundaries imposed on the various protective devices by the full-load currents, 
short-circuit currents, motor-starting currents, thermal damage curves, and any applicable 
standards or NEC requirements. 


15.7.2 Example of step-by-step phase coordination study 


The following steps represent a sample phase coordination study: 


a) 


b) 


608 


One-line diagram. Draw the one-line diagram of the portion of the system to be stud- 
ied with the ratings of all known devices shown (see Figure 15-13). 
Short-circuit current study. Calculate or obtain the short-circuit current values avail- 
able at different points in the system. The short-circuit currents shown in Table 15-4 
were obtained from a study of the system performed on a computer. 
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Figure 15-13—One-line diagram for coordination study 
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The maximum short-circuit currents are important because they are the upper current 
limit for the protective device characteristic curves to be plotted. The protective 
device should never have to operate above this current level. This point is also where 
the coordination interval is applied. 


Table 15-4—Momentary (0.5 cycle) short-circuit current values at selected 
points in the sample system in 15.7.2 (shown at plotted voltage levels) 


System voltage 
level 


138.0 kV 


Short-circuit current 
(A) 


20 918 A at 138.0kV 


Comment 


Contribution from utility 


209 180A at 13.8kV 


15 497 A at 13.8 kV 


Through-fault current contribution from 
30 000 kVA transformer 


14 436 A at 13.8kV 
47 889 A at 4.16 kV 


Fault current from 13.8 kV bus to 10 000 kVA 
substation 


13 496 A at 13.8kV 


Fault current from 13.8 kV bus to 480 V 
substations 


15 538 A at 13.8kV 
446 718 A at 480 V 


Fault current into primary of 10 000 kVA 
transformer* 


18 280 A at 4160 V 


Through-fault current contribution from 


10 000 kVA transformer*® 


19 828 A at 4160 V Fault current into 680 kW (900 hp) motor feeder 


from 4160 V bus? 


14 827 A at 480 V Through-fault current contribution from 1000 kVA 


transformer* 


16 566 A at 480 V 


Fault current into secondary 480 V bus 


17 653 A at 480 V Fault current into 55 kW (75 hp) motor feeder 


from 480 V bus* 


NOTE—AII short-circuit currents are rms symmetrical. 


“These short-circuit currents include motor contribution. 


c) Protection points and protection curves. Calculate the following protection points 
and protection curves: 
1) Transformer inrush point. Calculate the transformer inrush point as follows: 


12 x I(FLA) = I(INRUSH) at 0.1 s 
30 000 kVA transformer: 12 x 1255 = 15 060A at 13.8 kV 
10 000 kVA transformer: 12 x 1388 = 16 656 A at 4160 V 
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8 x I(FLA) = I(INRUSH) at 0.1 s 
1000 kVA transformer: 8 x 1202 = 9616 A at 480 V 


2) ANSI transformer through-fault-current protection curve. The transformer 
protection curves used in this example are based on IEEE Std C57.109-1993 
(specifically, Figure 2 for the 1000 kVA transformer and Figure 3 for the 
10 000 kVA and 30 000 kVA transformers). The infrequent fault curves were 
used in this example. The frequent fault curves should be used for transformers 
feeding long overhead lines. Most computer-based coordination programs have 
these curves on file for the various transformer types and various conditions in a 
typical system. 


When a delta-wye transformer is involved in a system, a line-to-ground fault 
producing a 100% fault current in the secondary winding produces only 58% 
fault current (1/,/3 ) in each of two phases of the incoming line to the primary of 
the transformer. In other words, the indicated current of the ANSI curve must be 
decreased to 58% of the value for three-phase faults. 


The following calculates two points from these curves at 2 s and 50 s for 
plotting: 


I(FLA) x 25 x 0.58 = I(point1) at 2 s 
I(FLA) x 5 X 0.58 = I(point1) at 50 s 


30 000 kVA transformer: 1255 x 25 x 0.58 = 18 197 A at 2s (13.8 kV) 
30 000 kVA transformer: 1255 x 5 x 0.58 = 3640 A at 50 s (13.8 kV) 


10 000 kVA transformer: 1388 x 25 x 0.58 = 20 126 A at 2 s (4160 V) 
10 000 kVA transformer: 1388 x 5 x 0.58 = 4025 A at 50 s (4160 V) 


10 000 kVA transformer: 1202 x 25 x 0.58 = 17 429 A at 2 s (480 V) 
10 000 kVA transformer: 1202 x 5 x 0.58 = 3486 A at 50 s (480 V) 


3) Cable damage curves. Most computer-based coordination programs have these 
curves on file in the database for the different sizes and types of cables. Cable 
manufacturers publish these curves on log-log paper for direct input onto the 
coordination plots for manual plotting. They can also be used to check the 
accuracy of the database curves. The curves used in the example are based on an 
initial temperature of 75 °C and final temperature of 200 °C. The curves can also 
be found in Chapter 9. 

4) Motor safe stall time, full-load current, locked-rotor current, and acceleration 
time. The engineer or analyst should request this data from the motor 
manufacturer. 

— 55 kW (75 hp) motor: 96 A full-load current, 576 A locked-rotor current, 
7s acceleration time, 22 s safe stall time hot and cold (at locked-rotor 
current). 

— 680kW (900 hp) motor: 110A full-load current, 660 A locked-rotor cur- 
rent, 7 s acceleration time, 17 s safe stall time hot and cold (at locked-rotor 
current). 
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Scale selection. Examine the range of currents to be depicted at different voltages. 
(Select a current scale that minimizes multiplication and manipulations on devices 
where a range of settings is available. Typically, the scale is the system current levels 
multiplied by a factor of 1, 10, or 100 at the base voltage level selected. The scale 
needs to be selected so that all device characteristic curves, protection curves, full- 
load currents, and short-circuit currents can be placed on the same plot without over- 
crowding. A manipulation occurs when a device at one voltage level is plotted at 
another voltage level.) 


One way to accomplish this examination is to start plotting at the load-end device 
voltage level, working toward the source until the first device at the next voltage level 
is encountered (e.g., the device at the primary of a transformer). Plot this device with 
the downstream devices so that only one voltage manipulation has to be done. Then 
this same device can be plotted at its own voltage level with the devices upstream. 
This approach minimizes the number of voltage manipulations performed. 


480 V fuse coordination. The coordination begins at the 480 V level load-end device 
(see Figure 15-14). Plot the following items on the log-log paper: 


1) Motor full-load current, locked-rotor current, and acceleration time for 55 kW 
motor (with the largest protective device at load end); cable damage curve; and 
short-circuit currents. The low-voltage motor overload curve should be shown 
on the plot and is critical when instantaneous trip circuit breakers are used. 


2) Largest fuse or MCCB continuous rating. Generally, the largest low-voltage 
device is plotted first, whether it is a 125 A MCCB or a 125 A fuse. The protec- 
tive device characteristic curve is taped to a light box, and the graph paper is 
placed over the protective device curve for accurate tracing onto the plot (for 
manual plotting). Normally, a fuse curve is fixed; therefore, no adjustment can 
be made to its characteristic curve. If the motor-starting curve runs into the fuse 
curve, then a different fuse should be chosen within the acceptable ratings as 
required by NEC Table 430-152. The plot shows that the #1 AWG cable damage 
curve is to the right and above the fuse curve. This position indicates that the 
cable is adequately protected by the fuse. 


480 V feeder circuit breaker coordination. The next device to be plotted is the 480 V 
feeder circuit breaker (i.e., Device 2) (see Figure 15-15). This device is a electronic- 
trip low-voltage circuit breaker with a sensor rating of 800 A. The long-time pickup 
is set at one times the sensor rating (or 800 A), and the long-time delay is set on 
Curve 2 (i.e., medium). This position adequately protects the 800 A continuous rating 
of the MCC bus. The short-time pickup is set at three times the sensor rating (or 
2400 A), and the short-time delay is set on Curve | (i.e., minimum). These two short- 
time settings are the critical settings for proper selectivity with the downstream fuse. 
Many of the electronic-trip circuit breakers have an Pt setting that allows better 
selectivity of the short-time settings with the downstream device if the standard curve 
is not selective. There is no instantaneous element so that the breaker is selective with 
the downstream fuse. 


1000 kVA transformer secondary main coordination. 


1) The 1000 kVA transformer inrush and through-fault-current protection curve are 
now placed on the plot. 
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Figure 15-14—480 V fuse coordination plot 
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Figure 15-15—480 V feeder circuit breaker coordination plot 
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2) The next device to be plotted is the 1000 kVA transformer secondary main 
circuit breaker (i.e., Device 3) (see Figure 15-16). This circuit breaker 
characteristic curve should be above and to the right of the downstream breaker. 
A 1600A long-time trip with a medium (Curve 2) long-time delay setting is 
selective with the downstream breaker and also allows for the full-load current 
rating of the 1000 kVA transformer (or 1203 A). This setting also protects the 
2000 A rating of the main 480 V bus. The short-time pickup setting of 2.5 times 
(or 4000 A) and a medium (Curve 2) short-time delay setting allows for 
selectivity with the downstream breaker. The short-time pickup and long-time 
delay settings have also been chosen for transformer protection for short circuits 
downstream of the circuit breaker. The long-time setting of the circuit breaker is 
within the 125% required by the NEC for secondary transformer protection 
below 600V at a nonsupervised location. If the Pt characteristic of the 
downstream circuit breaker had been used, then the Ft characteristic of this 
circuit breaker would be used for proper selectivity. While in this example 
liberal curve separation is effected for clarity, in actual practice many engineers 
prefer to use faster bands more closely stacked in order to provide faster fault 
clearing. 

1000 kVA transformer primary fuse coordination. The next device to be plotted is the 
1000 kVA transformer primary fuse (see Figure 15-17). The 15.5 kV fuse (rated 65E) 
is selected for transformer protection. As much of the transformer through-fault- 
current curve should be to the right of the fuse curve as possible. Its rating has to be 
less than 300% of the transformer full-load primary amperes of 42 A (65 A/42 FLA 
= 155%) in accordance with NEC Article 450-3. This device and all other upstream 
devices see the transformer inrush current. The fuse curve and the curves of all 
upstream devices should be above and to the right of the transformer inrush point; 
otherwise these devices could trip every time the transformer was energized. The 
downstream devices do not see the inrush current. 


At times the short-time delay characteristic curve of the secondary circuit breaker 
extends into the primary fuse characteristic curve. In this example, loss of selectivity 
is a better choice than installing a larger fuse because a larger fuse would 
compromise adequate transformer protection. Of course, when the main secondary 
circuit breaker trips, all transformer load is interrupted, and the fuse operation does 
not interrupt any load. 


At this point the 480 V system has been selectively coordinated. The next area to 
coordinate is the 4160 V system. Again, the coordination begins at the load-end 
device. 


4160 V to 680 kW motor protection coordination. 

1) Plot the motor full-load current, locked-rotor current, acceleration time, motor 
hot and cold stall times, cable damage curve, and short-circuit currents. 

2) Plot the overload curve for the motor protection relay (i.e., Device 1) (see 
Figure 15-18). This curve should be above the starting curve of the motor and 
below the hot and cold stall times. This position ensures that the motor is 
protected from thermal damage and that nuisance tripping on starting is not a 
problem. This multifunction relay typically picks up on overload at 115% of 
full-load current based on data entered into the relay (e.g., motor full-load 
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Figure 15-16—1000 kVA transformer secondary main coordination plot 
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current, CT ratio, service factor). This relay opens the motor contactor; 
therefore, it should not be used for short-circuit protection. A fuse or circuit 
breaker needs to be used to clear short circuits. 

3) Plot the largest fuse (i.e., Device 2) or circuit breaker at the load end. This 
type 9R fuse should protect the motor feeder cable. Therefore, it needs to be 
below and to the left of the 2/0 AWG cable damage curve. This fuse protects the 
motor from currents above the overload level. 

10 000 kVA transformer secondary main coordination. 

1) Plot the 10000 kVA through-fault-current protection curve and transformer 
inrush point. 

2) Plot the transformer secondary circuit breaker relay setting (i.e., Device 1) (see 
Figure 15-19). This overcurrent relay is set to pick up at 2000 A (2000/5 CT x 
SAT). This setting allows the transformer forced-air rating of 12 500 kVA to be 
utilized (or 1735 FLA). The pickup of this relay should be below the 250% of 
the transformer full-load current required by NEC Article 450-3 for secondary 
protection (2000 A pu/1388 FLA = 145%). The setting of this relay also pro- 
tects the 4160 V bus rated at 2000 A. 

10 000 kVA transformer primary relay coordination. The next device to be plotted is 

the medium-voltage feeder relay (i.e., Device 2) (see Figure 15-20). By examination 

of the through-fault protection curve and the inrush point, the limits of the curve for 
primary protection of the 10 000 kVA transformer can be determined. Keeping in 
mind that a low pickup for this device is desirable for good cable protection, it is 
good practice to keep the characteristic curve as far to the left as practical in order to 
operate faster on faults. The pickup setting should be less than four times the 

10 000 KVA transformer full-load amperes (or 5552 A at 4160 V), the maximum set- 

ting permitted by NEC Article 450-3. The time-dial setting was chosen for a 0.3 s 

coordination interval between the downstream relay (at maximum fault current) and 

feeder circuit breaker relay (at instantaneous setting). The instantaneous setting of 

7600 A (at 13.8kV) or 25 212A (at 4160 V) provides better protection of the 

750 kcmil cable and is set above the calculated asymmetrical short-circuit current. 

The 16% current margin is also satisfied over most of the relay curves. 


In this example, an 800/5 A CT has been selected. The 800/5 A rating CT has a 160:1 
ratio, and the tap setting times 160 produces the relay minimum pickup in terms of 
the primary current (160 x 6AT = 960 A). The 4160 V system has now been 
coordinated up to the 10 000 kVA transformer primary circuit breaker, and the 480 V 
system has been coordinated up to the 1000 kVA transformer primary fuse. The next 
area to coordinate is the 13.8 kV system up through the utility system. 


13.8 kV feeder relay coordination. The next device to be plotted is the medium- 
voltage feeder relay (i.e., Device 3) (see Figure 15-21). This feeder relay does not 
provide primary protection for the 1000 kVA transformer; therefore, it can be set to 
pick up for the feeder full-load current (800/5 CT x 4AT = 640 A). This setup also 
protects the feeder cable. The instantaneous element on this feeder relay is not used 
because it does not allow selectivity with the 13.8kV primary transformer fuses 
downstream. The largest feeder circuit breaker relay should now be coordinated with 
the upstream 13.8 kV main bus relays. The 4160 V substation feeder relay is also 
shown on this curve as a comparison with the 480 V substations feeder relay. As can 
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Figure 15-18—4160 V-680 kW motor protection coordination plot 
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Figure 15-20—10 000 kVA transformer primary relay coordination plot 
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be seen, the feeder circuit breaker relay to the 4160 V system is used for upstream 
coordination because it has the highest setting. (Refer to NEC Article 240 and 
Article 710 for allowable settings on systems over 600 V.) 

30 000 kVA transformer secondary main coordination. The next devices to be plotted 
are the medium-voltage main relays (i.e., Device 5) (see Figure 15-22). Select a 
pickup for the 30 000 kVA transformer secondary circuit breaker relays no lower than 
133% of the full-load current (1255 x 1.33 = 1674 A) and no higher than 250% of full- 
load current (1255 x 2.5 = 3138 A) in accordance with NEC Article 450-3. This setup 
protects the transformer and allows the forced-air rating of 40 000 kVA to be utilized. 
A good pickup selection is 2000 A with a 2000/5 CT because this setup also protects 
the 2000 A rated 13.8 kV bus (2000/5 CT x 5AT = 2000 A). Do not use an instanta- 
neous element on this relay because it cannot be made selective with the feeder instan- 
taneous elements. Select a time-dial setting so that a delay of 0.3 s to 0.4 s is obtained 
at the theoretical 100% fault-current point. This margin assures coordination between 
the main secondary circuit breakers and the 13.8 kV feeder breakers. 

30 000 kVA transformer primary relay coordination. The next device to be plotted is 
the transformer primary relay (i.e., Device 6) (see Figure 15-23). Select a pickup for 
this relay no higher than 400% of full-load current (125.5 x 4 = 502A at 138 kV, 
5020 A at 13.8 kV) in accordance with NEC Article 450-3. The pickup of this relay is 
set at the same pickup as the secondary relay for better transformer protection and 
also for selectivity with the upstream utility system relays (not shown). This compro- 
mise in selectivity is not detrimental to system coordination because both of these cir- 
cuit breakers disconnect the system from the utility should a short circuit occur. 
Manual plotting with relay time-current curves. To place the relay time-current curve 
on the coordination chart, line up the Relay 1 ordinate at 2389 A and the other multi- 
ples of the tap setting will automatically align (i.e., the 2 A relay tap multiple will 
align at 4778 A and the 4A relay tap multiple will align at 9556 A). (See Figure 15- 
20.) The time scale (or horizontal lines) should also be aligned before tracing the 
relay time-current curve. (Because transparencies may not align throughout the ordi- 
nate, use a convenient horizontal time line near the most critical coordination point, 
such as the 0.1 s line.) Selecting the appropriate time-dial setting is the next step, and 
a time dial of 20 provides a coordination interval of 0.3 s to 0.4 s. 

Coordination with computer software. The use of a computer software coordination 
program makes the coordination of a system much easier than manual plotting. Most 
programs have databases that include many of the protection and damage curves or 
points and have many manufacturers’ protective device characteristic curves. The 
user should verify that the preloaded overcurrent device databases are accurate. The 
program should list the publication number and date of issue of the overcurrent 
device curve data. The end user should also make certain the various settings used 
(e.g., protection points and curves, coordination intervals) are correct for their appli- 
cation. The various time-current curves in the database should also be checked for 
accuracy with the actual time-current curves from the manufacturer. This verification 
ensures that proper coordination and protection are achieved. 

Achieving proper Selectivity between time-overcurrent relays. The characteristic 
curves are not extended past the maximum short-circuit current shown because the 
devices should never have to operate above these values. In this example all the relay 
settings and circuit breaker settings have adequate coordination margins. If a relay 
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Figure 15-21 —13.8 kV feeder relay coordination plot 
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Figure 15-23—30 000 kVA transformer primary relay coordination plot 
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cannot produce a coordinated tripping curve, then alternatives, such as the following, 

should be tried: 

1) Select a different tap. (This change would shift the curve to the right or left.) 

2) Adjust the relay minimum pickup setting between taps (if available) or adjust 
time-dial settings between calibration marking, or do both. Calibrating the relay 
can verify the more refined settings often required. 

3) Select a different relay characteristic (e.g., inverse, extremely inverse). The 
extremely inverse relays also coordinate better with most fuse curves. 

4) Use a different CT ratio or auxiliary CT. (Many transformer bushing CTs are 
multiratio.) 

5) Change devices or settings of adjacent devices. 
The art of compromise. Normally, selective coordination starts with the lowest 
voltage and works up to the highest voltage level. All the lower voltage or primary 
protective device characteristics should be below and to the left of the backup 
protective device curve. If the lower voltage device or primary noncurrent protective 
device curves cannot be made to fit under the backup device curve (due to, for 
example, same voltage or higher voltage), an attempt should be made either to raise 
the backup device or to compromise the coordination. When selectivity must be 
compromised, the sacrifice should be made at the location in the system with the least 
economic consequences. This location varies from system to system. Likely 
candidates include 

1) Sacrificing coordination between a transformer’s primary protection and its sec- 
ondary overcurrent protective devices. Loss of selectivity here is usually not det- 
rimental to system security. 

2) Sacrificing selectivity between a load protective device and the next upstream 
protective device (typically, a feeder overcurrent protective device and an MCC 
main protective device). The economic consequence of loss of selectivity here is 
usually more acceptable than at locations other than described in this subclause. 

When closer spacing between curves is required, advantage can be gained by utiliz- 


ing an extremely inverse relay as primary protection for a downstream device. The 
extremely inverse relay should be backed up by a very inverse relay. 


15.8 Ground-fault coordination on low-voltage systems 


While the merits of the different types of ground-fault protection are debated, two factors are 
commonly accepted: 


Arcing ground faults are the more destructive type of fault because the arc limits the 
fault current sensed by phase-overcurrent devices. 

Selectivity can be typically achieved only by including more than one level of 
ground-fault relays. 


The NEC requires only one ground-fault relay at the service equipment set no higher than 
1200 A with a maximum time delay for 1 s to ground-fault currents equal to or greater than 
3000 A for solidly grounded wye electrical systems of more than 150 V to ground, but not 
exceeding 600 V phase-to-phase for each service disconnecting means rated 1000 A or more. 
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(In healthcare facilities, two levels of ground-fault protection are required under the same 
conditions.) No such specifics are defined for service voltages of 1 kV and over. 


Several tests have been made to determine the magnitude of the 480 V arcing fault damage. 
An 1800 kW cycle fault can be considered the minimum magnitude of perceptible fault dam- 
age, sufficient to melt 1/20 in? of copper. A 10 000 kW cycle fault is the maximum that can 
be contained within an 11-gauge enclosure under worst-case conditions. Using these as 
guides, primary and backup ground-fault protection can be coordinated. 


Whereas self-sustaining arcing faults are sometimes stated to exist only above a magnitude 
equal to 38% of the available bolted line-to-ground-fault current, exceptions have been 
known. However, a criterion for minimum circuit protection should also consider selectivity 
and damage. In addition, small branch circuits have low X/R circuit ratio and tend not to be 
arcing. In Figure 15-24, the ground-fault protection is omitted for all branch circuits for 
11 kW motor loads or 30 A feeder circuits because phase protection coordinates with ground- 
fault protection. 


In Figure 15-24, the MCC ground-fault protection used an extremely inverse relay 
(Device 51G2) and is backed up at the source by a very inverse relay (Device 51G1). For 
ground faults within the MCC, individual branch circuit phase-overcurrent or ground-fault 
protection should operate. If these primary protective devices fail, the MCC Device 51G2 
would operate to trip the feeder circuit breaker to the MCC. The source Device 51G1 would 
be the ultimate backup and trip the bus supply circuit breaker. 


Other approaches to ground-fault overcurrent coordination are shown on Figure 15-25 and 
Figure 15-26. These designs utilize the ground-fault protection option that is integral within 
the LVPCB feeder. For coordination, purchasing separate ground-fault devices is necessary 
on MCC feeder circuit breakers larger than 100 A and on fusible motor starters with time- 
delay fuses larger than 60 A. 


When applying bolted pressure contact switches or high-pressure contact switches, the fuse 
may blow in only one phase during a ground fault. This problem is called single-phasing, and 
it can be injurious to motors because many older motor overload protection devices do not 
react in time to protect the motor for this condition. In addition, when a single fuse isolates a 
ground fault, the fault can still be fed from the other phases through the motor windings, even 
though the current magnitude has been greatly reduced. Thus, the switch should be purchased 
with the antisingle-phasing option and an electrical shunt trip. At the same time, a ground- 
fault trip unit can be purchased to trip the switch. Coordination of the ground-fault unit 
follows the established procedures so that the faulted circuit is isolated from the system by 
the nearest protective device, and the other parts of the systems are not affected (see 
Figure 15-27). 


15.9 Phase-fault coordination on substation 600 V or less 
A multitude of protective device options can be utilized in low-voltage systems. Coordination 


of three of the most popular options is discussed in this clause. 
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In the first option, shown in Figure 15-28, fused-bolted pressure contact switches are used in 
the substation main and substation feeders (although high-pressure contact switches would 
also apply in this application), and a fused switch is used for an MCC motor load. Current- 
limiting fuses can be selectively coordinated by maintaining at least a minimum current-rating 
ratio between the main fuse and feeder fuses and between the feeder fuse and the branch 
circuit fuses. These current-rating ratios are provided by the fuse manufacturers, and a chart is 
given in Table 5-1. The size of the fuse is also chosen to protect the individual circuit 
components: conductors, motors, buses, and transformers. 


The second option, shown in Figure 15-29, utilizes circuit breakers with direct-acting trip 
devices in the substation main and MCC feeder and utilizes a fused switch at the MCC main. 
To have the best coordination, select circuit breakers with direct-acting trip devices in the 
substation main and MCC feeder, select a fused switch at the MCC main, and select circuit 
breakers with the short-time (rather than instantaneous) option on the substation main and 
feeder. This configuration does not provide the fastest protection because the fault is cleared 
in the minimum time with instantaneous tripping when compared with the time-delayed trip- 
ping obtained from a short-time element. A current-limiting fuse is often used on the MCC 
main to limit the fault current to a standard, economical short-circuit rating (i.e., 22 000 A) of 
the MCC bus, circuit breakers, and motor contactors. By looking at Figure 15-29, a lack of 
coordination is seen between the MCC main fuse and the MCC feeder circuit breaker for 
fault currents above 8000 A. This condition is a compromise made between protection and 
coordination. 


The third option, shown in Figure 15-30, utilizes circuit breaker protection at each level. Due 
to high fault-current levels, the MCCBs have current limiters for fault currents above 6000 A. 
A miscoordination exists between the LVPCB feeder to the MCC and the current limiter on 
each MCCB. This condition is also a compromise between protection and coordination. 
Another option is to use current-limiting fuses because they would operate in approximately 
0.25 cycle at high fault levels and would coordinate for overcurrents. 
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Figure 15-28—Phase-fault TCC curves 
Example 1 
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Figure 15-29—Phase-fault TCC curves 
Example 2 
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Example 3 
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15.10 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


IEEE Std 141-1993 (Reaff 1999), IEEE Recommended Practice for Electric Power Distribu- 
tion for Industrial Plants (EEE Red Book) ra 


TEEE Std C57.12.00-2000, IEEE Standard General Requirements for Liquid-Immersed Dis- 
tribution, Power, and Regulating Transformers. 


TEEE Std C57.12.01-1998, IEEE Standard General Requirements for Dry-Type Distribution 
and Power Transformers Including Those with Solid Cast and/or Resin Encapsulated 
Windings. 


TEEE Std C57.91-1995, IEEE Guide for Loading Mineral-Oil-Immersed Transformers. 


IEEE Std C57.109-1993, IEEE Guide for Liquid-Immersed Transformer Through-Fault- 
Current Duration. 


NFPA 70-1999, National Electrical Code® (NEC®) 4 
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Chapter 16 
Maintenance, testing, and calibration 


16.1 Overview 
16.1.1 Scope 


This chapter sets out recommendations and procedures for the maintenance of electrical 
switchgear having rated voltages not greater than 34.5 kV. At voltages above this level, the 
design of equipment, system operations, and consequently maintenance requirements and 
practices may differ significantly. However, the principles formulated in this recommended 
practice, especially the principles regarding the safety of personnel, are for the most part 
applicable at the higher voltages. 


This recommended practice does not apply to the maintenance of electrical switchgear 


— Of sealed construction intended only to be repaired or adjusted by the manufacturer, 
or 
— Used in explosive atmospheres. 


16.1.2 Rationale 


IEEE Std 493-1997! reports that the Reliability Subcommittee of the IEEE Industrial and 
Commercial Power Systems Committee conducted a survey on the reliability of electrical 
equipment in industrial plants. The survey found that maintenance quality had a significant 
effect on the percentage of all failures blamed on inadequate maintenance. Of the 1469 fail- 
ures reported from all causes, inadequate maintenance was blamed for 240 (or 16.4%) of all 
the failures. The percentage of failures blamed on inadequate maintenance shows a close cor- 
relation with the “failure, months since maintained” answer choice. 


16.1.3 Objective 


This chapter provides a record of the matters that technical knowledge and experience have 
shown to be important in keeping electrical switchgear and its associated apparatus in an 
acceptable condition. Attention to the precautions to be observed in order to secure the safety 
of personnel while maintenance is in progress are also covered. These precautions include 


— Safety rules 

— Safety features of equipment 

— Measures to minimize hazards to plant and to ensure continuity of service 

— The use of electrical testing to detect insulation weakness or the deteriorating 
condition of insulation 


‘Information on references can be found in 16.16. 
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16.1.4 Reserved 


16.1.5 Reserved 


16.2 Definitions 


For the purpose of this document, the following definitions apply. 


16.2.1 acceptable conditions: The conditions in which an item is able to perform its required 
function and/or meet the relevant specification. 


16.2.2 electrical station: A building, rooms, or designated space that houses the electrical 
equipment in an installation. 


16.2.3 electrical equipment: A general term for the equipment (e.g., materials, fittings, 
devices, appliances, fixtures, apparatus, machines) used as a part of, or in connection with, an 
electric installation. 


16.2.4 emergency action: Action that should be taken immediately to avoid serious 
consequence. 


16.2.5 examination: An inspection with the addition of partial dismantling as required, sup- 
plemented by means such as measurements and nondestructive tests or high-potential tests, in 
order to arrive at a reliable conclusion about the condition of an item. 


NOTE~— An examination should be followed by an operation check. 


16.2.6 failure (or breakdown): The termination of the ability of an item to perform its 
required function. 


NOTE— Failure can be gradual, sudden, partial, or complete. 


16.2.7 inspection: Maintenance action comprising a careful scrutiny of an item carried out 
without significant dismantling and using all the senses as required to detect anything that 
causes the item to fail to meet an acceptable condition. 


NOTE— An inspection may be followed by an operation check or an examination. 


16.2.8 item: Any part of equipment, including a composite, which can be individually 
considered. 


16.2.9 maintenance: A combination of any actions carried out to retain an item in, or restore 
it to, an acceptable condition. 


16.2.9.1 electrical preventive maintenance: A system of planned inspection, testing, clean- 


ing, drying, monitoring, adjusting, corrective modification, and minor repair of electric 
equipment to minimize or forestall future equipment operating problems or failures. Depend- 
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ing upon equipment type, this maintenance may require exercising or proof testing (see IEEE 
Std 493-1997). 


16.2.9.2 nonroutine maintenance: Unplanned maintenance that is not the result of a 
breakdown. 


16.2.9.3 post-fault maintenance: Maintenance necessary on switchgear after a specified 
number of fault clearance operations. 


16.2.9.4 preventive maintenance: Maintenance carried out with the objective of preventing 
breakdown. It may include routine or nonroutine maintenance. 


16.2.9.5 repair or corrective maintenance: Maintenance necessary to restore to an accept- 
able condition an item that has ceased to meet an acceptable condition. 


16.2.9.6 routine maintenance: Maintenance organized and carried out in accordance with a 
predetermined policy or plan to prevent breakdown or reduce the likelihood that an item will 


fail to meet an acceptable condition. 


16.2.10 operational check: An action carried out to determine whether an item functions 
correctly. 


16.2.11 test: A measurement carried out to determine the condition of an item. 


16.2.11.1 diagnostic testing: A technique involving the establishing of comparative data for 
monitoring and checking the condition of equipment. 


16.2.12 overhaul: Maintenance of an item including examination and replacement or 
rebuilding as required. 


16.2.12.1 major overhaul: An overhaul that includes major dismantling and/or replacement 
of items to complete the maintenance. 


16.2.12.2 minor overhaul or servicing: An overhaul that is limited to lubrication and/or 
replacement of consumables. 

16.3 Safety of personnel 

16.3.1 General 


All persons engaged in the maintenance of electrical switchgear and associated equipment 
have a responsibility to 


— Perform their work in accordance with the applicable statutory requirements [e.g., 


Occupational Safety and Health Administration (OSHA) rules] and industry 
standards [including the National Electrical Safety Code® (NESC®) (Accredited 
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Standards Committee C2-2002) and NFPA 70E-1995] due to the potential dangers 
associated with electrical equipment and 


— Take appropriate measures to safeguard personnel. 
16.3.2 Responsibility 
16.3.2.1 Reserved 
16.3.2.2 Authorized person 
Anyone to whom responsibility for electrical safety is delegated is an authorized person. 
16.3.3 First aid 


Verify that a notice giving instructions for the treatment of persons suffering from electric 
shock is affixed in a prominent position in all locations where maintenance is carried out. 
Verify that first aid equipment is available for the treatment of personnel (see 29 CFR 1926). 


Verify that the address and telephone number of the nearest ambulance, first aid center, or 
hospital are prominently displayed on the premises. Verify that the telephone to be used for 
emergency calls will be in service during the maintenance work. 


All electrical maintenance personnel should be trained in both the rescue of people and the 
application of cardiopulmonary resuscitation (CPR) techniques (see Dec. 1986 NIOSH 
Alert!). 


Determine whether the staff is trained in the rescue of people from live high-voltage areas. 
16.3.4 Access 


Verify that access to electrical stations is restricted and, where necessary, suitable barriers are 
installed to prevent access to enclosures, compartments, cubicles, or cells containing exposed 
live conductors. 


16.3.5 Safety rules 
16.3.5.1 General 


Safety in the control, operation, and maintenance of switchgear is best achieved by the 
observance of a simple code of safety rules. A set of safety rules should be prepared that are 
appropriate to the premises electrical installation and cover the operation of and work to be 
performed on the equipment (see ISO/IEC 51, IEEE Std 510-1985, IEEE Std 625-2001, and 
OSHA 3120). 
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16.3.5.2 Anticipating dangers 

The policy to be followed when drafting safety rules is to attempt to foresee any danger that 
can or may develop and to institute procedures and methods that inhibit danger as far as 
practicable. 

16.3.5.3 Familiarity with rules 

Verify that all persons operating or working on the equipment covered by the rules are thor- 
oughly conversant with the rules and with the relevant statutory requirements and that they 
comply strictly with these rules and requirements. 

16.3.5.4 Utility rules 

Verify that, where work is to be switching or where maintenance work on switchgear con- 
trolled by a utility is to be performed, the utility’s rules and the owner’s company rules for 
initiating and carrying out work on equipment or apparatus are ascertained and followed. 
16.3.5.5 High-voltage equipment 

Verify that safety rules are drafted to prevent any person from being exposed to danger from 


live conductors. Allowing only qualified personnel access to high-voltage equipment to 
accomplish their work is a good practice. 


16.4 Safety provisions for maintenance operations 

16.4.1 General 

The performance and safe operation of electrical equipment are dependent on the initial 
design of the electrical station and the layout, installation, and environment of the equipment. 
Therefore, these aspects should be considered at the design and installation stages. 

16.4.2 Avoidance of moisture and dust 

The entry of moisture and dust into electrical equipment and its associated control equipment 
can cause a failure or a fault. Verify that during all maintenance operations an inspection is 
performed to determine evidence of dampness or condensation in all electrical equipment. If 
this condition is observed, remedial action should be taken (e.g., by the improvement of ven- 
tilation, the provision of heaters). 

Where feasible, the entry of dust should be prevented. 


16.4.3 Containment of faults 


The physical separation of switchboards and switchgear into sections and the provision of 
fire-resistant barriers can assist in the containment and limitation of possible damage. The 
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inspection of an electrical station should include inspection of any seals provided on cable 
access points and any other provision, such as fire-resisting barriers, made to prevent the pas- 
sage of flame, smoke, gas, or liquid. 


Where measures (e.g., curbs, raised door thresholds, containment or catchment areas) have 
been taken in an electrical station to prevent the spreading of an oil spillage, verify that these 
measures are inspected to see whether they are effective. Verify that any gravel or pebble bed 
used is in a porous condition (see IEEE Std 980-1994). 


16.4.4 Fire extinguishing equipment 
16.4.4.1 Availability of equipment and training of personnel 


Where a fire risk exists, verify that all personnel performing maintenance on switchgear have 
available some means of fighting fire (e.g., extinguishers permanently in the premises, porta- 
ble extinguishers provided during the period of the work) and that training has been received 
in the use of such extinguishers. 


16.4.4.2 Suitability for intended purpose 


Verify that fire extinguishing equipment provided for use on electrical equipment is compati- 
ble with the electrical equipment and not dangerous to use in the situation (see IEEE Std 979- 
1994). 


16.4.4.3 Inspection and labeling 


Verify that fire extinguishing equipment has been inspected regularly, in accordance with the 
manufacturer’s instructions and fire laws, and that the equipment is labeled with the type of 
extinguishing agent and with instructions for use. 


16.4.4.4 Renewal or recharge after use 
Verify that the fire extinguishing equipment is renewed or recharged immediately after use. 
16.4.4.5 Automatic fire extinguishing installations 


Where automatic fire extinguishing installations are provided, verify that this provision is 
prominently indicated by a notice outside the electrical station and that the notice also shows 
the procedure to cancel the automatic feature. Verify that the procedures have been developed 
to safeguard personnel against danger when entering rooms fitted with automatic fire 
extinguishing equipment or when in compartments in which automatic fire extinguishing 
equipment has operated. Verify that these procedures are prominently indicated by notices 
inside and outside the electrical station. In areas equipped with automatic carbon dioxide 
release, verify that confined space and other applicable procedures are developed and 
followed. 
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16.4.5 Emergency exits 


Verify that all emergency exits are properly secured to prevent the entrance of an unautho- 
rized person from outside while at all times allowing free escape from inside. Verify that all 
emergency exits are inspected and kept clear during inspection of the electrical station. 


16.4.6 Lighting 


Verify that adequate lighting (fixed or portable, or a combination of both) is provided to 
ensure safe access and working conditions for all personnel in electrical stations (see 
OSHA 1926.56). 


16.4.7 Access 


Verify that the electrical stations are designed to prevent access and interference by unautho- 
rized persons. Verify that inspections are made to maintained this security. Verify that doors 
and other means of entry are kept secure by locking or other suitable methods. 


To avoid danger, verify that working space and access ways provided to apparatus and 
equipment that is to be worked upon or operated are properly maintained and kept free of 
obstructions [see the National Electrical Code® (NEC®) (NFPA 70-2002) and NFPA 70E- 
2000]. 


Verify that provisions are maintained for access to allow work on equipment as recommended 
by the manufacturer. Verify that work platforms are not erected around the equipment until 
after the equipment has been de-energized, tested, grounded, locked out, and tagged out. The 
leaning of ladders against porcelain insulation is not generally recommended (see Jan. 1989 
NIOSH Alert!, OSHA 1926.450, and OSHA 1926.451). 


16.4.8 Grounding equipment 
16.4.8.1 Availability of grounding equipment 


Grounding is an essential safeguard for personnel carrying out work on electrical equipment. 
Verify that suitable grounding equipment is available. Such equipment includes special 
grounding contacts provided in the switchgear, equipment for attachment to the switchgear, 
or portable equipment (see IEEE Std 510-1983, IEEE Std 625-2001, and IEEE Std 1048- 
1990). 


16.4.8.2 Suitability of temporary grounding equipment 


Verify that temporary grounding equipment of an approved type and with adequate current- 
carrying capacity to suit the fault level of the installation is available (see ASTM F855-90). 
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16.4.8.3 Inspection 

A good practice is to inspect grounding equipment, particularly connections and insulation, 
before each use. Verify that grounding tools insulated for the purpose are subjected to high- 
voltage testing at regular intervals (see IEEE Std 978-1984). 


16.4.8.4 Permanently stored grounding equipment 


Verify that grounding equipment is permanently stored in an installation in storage facilities 
particularly made for that purpose and included in the inspection of the installation. 


16.4.9 Ground mats 


Verify that the integrity of the grounding connection installed in the field between a ground 
mat and switchgear operating handles is regularly inspected. 


16.4.10 Insulating mats, stands, screens, and other similar equipment 


Verify that permanent and portable insulating mats, stands, or screens are inspected and 
maintained in good condition. Verify that insulated gloves of adequate capacity and of sound 
quality are available to personnel when required. Verify that insulated gloves are tested at reg- 
ular intervals (see ASTM Standards for Electrical Protective Equipment for Workers). 


16.4.11 Verification that conductors are not alive 

Prior to the application of any grounding leads, verify that equipment required to be grounded 
is proved dead. Verify that any indicating device used for this purpose is tested in the 
approved manner both immediately before and immediately after use (see Dec. 1987 NIOSH 
Alert!). Recheck the circuit using a second independent voltage indicating device, if avail- 
able. 

16.4.12 Protection against induction (i.e., electric and magnetic fields) 


When work is being carried out adjacent to extra high-voltage stations, special precautions 
may be necessary to protect personnel against induction (i.e., electric and magnetic fields). 


16.4.13 Detection of hazardous gases 

Where ingress of hazardous gases into an area containing electrical installations may occur, 
verify that suitable indicators are provided to indicate the presence of such gas (see Jan. 1986 
NIOSH Alert!). 

16.4.14 Danger from stored energy 

To avoid hazards when work is to be performed where stored energy is available due to 


compressed air, other gases, or mechanical means (e.g., spring-latched mechanisms), special 
precautions are advisable (see OSHA 3120 and ANSI Z244.1-1982). 
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16.4.15 Portable electric tools 


Where hand lamps and portable tools are used, verify that they are of double-insulated con- 
struction (see NFPA 70E-1995, OSHA 1910.304, OSHA 1926.300, and OSHA 1926.302). 


Where practicable, the following types of hand lamps and portable tools are preferred: 
operated from extra low voltages, supplied from a circuit equipped with a ground-fault 
circuit-interrupter, or of double-insulated construction. 


Verify that trailing cables are of minimal length, of adequate construction, and properly 
protected (e.g., by ground-fault circuit-interrupting circuit breakers); and verify that cable 


connectors are of suitable design for the environment in which they are operating. 


Verify that all portable equipment is regularly inspected and tested; has attached a label 
showing the due date for the next test; and, where feasible, is inspected before each use. 


16.4.16 Instructions, notices, and labels 

16.4.16.1 Availability and display 

Verify that adequate instructions, diagrams, and data are available to persons operating 
equipment, in charge of work, or working in electrical stations to ensure proper and safe 


control of equipment and isolation for working, e.g., lockout or tagout. 


Verify that notices and labels required by statutory regulations are displayed with any other 
notices or labels necessary for identification of equipment and its function. 


16.4.16.2 Removal and replacement of identification labels 

Where more than one unit of switchgear is out of service, verify that particular care is taken 
to avoid inadvertent removal, replacement, or exchange of labels, which were previously 
attached to the other switchgear units removed from service. 


16.4.16.3 Caution and danger signs 


Verify that adequate quantities of caution and danger signs are kept in the electrical station 
for immediate use with the number of safety locks required for the operation of the equip- 
ment (see the NESC, the NEC, NFPA 70B-1994, NFPA 70E-1995, and OSHA 3120). 


16.4.16.4 Emergency exits 


Verify that emergency exits are clearly labeled as such inside and outside and that the labels 
are clearly visible even under adverse conditions. The label on the outside of the emergency 
exit is to prevent obstruction of the door, even temporarily, by others and to advise emergency 
personnel of access to the facility. 
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16.5 Frequency of maintenance operations 
16.5.1 General 


The interval between maintenance operations may vary greatly depending upon the design of 
the switchgear, the duty that it is called on to perform, and the environment in which it is sit- 
uated (see IEEE Std 493-1997, FM Technical Advisory Bulletin 5-20/14-22, FAA Advisory 
Circular 150/5340-26, REA Bulletin 65-1, REA Bulletin 163-2, and REA Bulletin 165-11). 


16.5.2 Planning the frequency of maintenance operations 
16.5.2.1 Manufacturer’s instructions 


When the frequencies of maintenance operations for particular items of a plant are being 
planned, the manufacturer’s instructions should be consulted (see NFPA 70B-1994). 


16.5.2.2 Newly commissioned equipment 


a) | Examination prior to commissioning and within 12 mo of commissioning. Switchgear 
of all types should be examined prior to commissioning and should be inspected or 
examined within 12 mo of commissioning. The latter examination should be carried 
out before the end of the manufacturer’s warranty period. 


Particular attention should be given to the tightness of any fixings and fastenings 
(especially those associated with moving parts and conductor joints), internal and 
external cleanliness, condition of insulation, recommended clearance, and setting and 
efficacy of the close and open operations. 


These inspections or examinations can give guidance on the intervals that might be 
allowed to elapse between future inspections, examinations, and overhaul operations 
with reference to particular service conditions. When estimating these intervals, the 
condition of the equipment at the time of the examination should be considered with 
regard to the following: 


1) External insulation and contamination 

2) Internal insulation 

3) Contacts (i.e., interrupting devices and connections) 
4) Operating mechanisms and their lubrication 

5) Weather seals and gaskets 

6) Protective finishes and signs of corrosion 


b) Contacts, arc-control devices, and internal insulation. The condition of contacts and 
arc-control devices normally depends on the number of operations performed by a 
circuit breaker and whether such operations are load or fault-current breaking. A log 
of switching operations should be kept to help determine the condition of these con- 
tacts and devices. 


Similar considerations may apply to the condition of the internal insulation. 
However, in this case, the influence of moisture ingress may be relevant because this 
factor is generally affected by the length of time in service. 
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c) 


d) 


Mechanisms. The condition of mechanisms is affected by the number of operations, 
the environmental surroundings, and the period of service. 


Basis for the determination of intervals between maintenance operations. The 
intervals between maintenance operations may be based on the number of operations 
performed or on fixed time intervals. The preferred basis is determined by the 
electrical, mechanical, and environmental duties imposed on the switchgear. In 
practice, a combination of these criteria may be used based upon service experience. 


16.5.2.3 Records 


Records of the performed maintenance should be kept. A record of the as-found condition of 
the equipment can give an effective indication of the required maintenance and of any neces- 
sary change in frequency. A review of these records may highlight design or application 


defects. 


16.5.2.4 Routine maintenance 


a) 


b) 


c) 


d) 


Basis for organization. Routine maintenance is the program organized on the basis of 
regular inspections supplemented at more extended intervals with operational checks 
and examination and with some dismantling as required. The objective of the 
inspection is to ensure that no damage or distress has been sustained in the course of 
operations, whereas the examination enables the reconditioning of the contact 
system, the lubrication and adjustment of mechanisms, and a more detailed 
inspection and testing of insulation. 


Diagnostic testing. Diagnostic testing determines characteristics such as timing, min- 
imum operating voltage or pressures, contact and insulation resistance. These tests, 
by comparison with previous similar tests, provide guidance to possible deterioration 
and may indicate a need to vary maintenance intervals under particular service condi- 
tions (see also 16.11). 


Switchgear controlling continuously operated plant. For switchgear controlling 
continuous processes, coordinating maintenance with the demands of the production 
program may be necessary. 


Different items of a plant at a common location. In assessing maintenance intervals 
for different items of electrical equipment at a common location (e.g., indoor and out- 
door switchgear of different voltages at one station), the number of site visits may be 
minimized by arranging for any different intervals of maintenance to be common 
multiples of the period allocated to the items requiring most frequent attention. 


16.5.2.5 Post-fault maintenance 


Following fault operation, a good practice is to inspect a circuit breaker at the earliest oppor- 
tunity. The appropriate industry standards and manufacturers’ recommendations should be 
consulted for the capability of the circuit breaker to function satisfactorily without intermedi- 
ate maintenance. 
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16.5.3 Insulating oil 


16.5.3.1 General considerations 


The interval between tests and between reconditioning of oil depends on the nature and 
frequency of operation of the switchgear under normal service conditions and under special 
considerations when frequent operations take place under low leading or lagging power 
factor (i.e., capacitive or inductive load) conditions. Test the circuit breaker oil every 6 mo 
(see NEMA SG 4-2000). Oil sampling procedures should adhere to the manufacturers’ 
procedures. Caution should be observed when sampling equipment that is energized. 


16.5.3.2 Environmental conditions 


Environmental conditions may have a detrimental effect on insulating oil, and special atten- 
tion should be given to switchgear operating under adverse environmental conditions. 


16.5.3.3 Deterioration and contamination 


Deterioration of oil in switchgear depends mainly on the duty of the equipment, the efficiency 
of its arc control device, and the effects of the environment. The optimum period between 
tests and reconditioning is usually based on experience and/or consultation with the switch- 
gear manufacturer. 


The contamination of insulating oil may be a limiting factor on the allowable time between 
maintenance operations on the switchgear (see also 16.8.3.8). 


NOTES 


1—The presence of carbon particles alone in oil does not necessarily indicate that the oil is in an unac- 
ceptable condition. 


2—Where insulating oil is used only for insulation, special testing techniques (e.g., dissolved gas anal- 
ysis) may be necessary to detect deterioration of the oil or associated insulation. 


16.5.3.4 Normal maintenance tests 


Electrical strength tests and, where ingress of moisture is likely, water content tests are rec- 
ommended as the normal maintenance tests (see ASTM STP 998). 


16.5.3.5 Oil testing 


The user may decide upon the acceptable number of operations before oil is tested, by refer- 
ence to operating experience, test experience, and/or consultation with the switchgear 
manufacturer. 
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16.5.4 Recommended intervals 
16.5.4.1 General 


The recommended intervals given in 16.5.4.2 through 16.5.4.5 are a guide to setting up a 
maintenance program. Assistance and/or advice may be obtained from the manufacturer of 
the equipment, the local utility, the insurance underwriter, and independent testing laborato- 
ries (see NFPA 70B-1998). 


16.5.4.2 Circuit breakers 
An operational check of circuit breakers (see 16.7.4) should be made at regular intervals. 
16.5.4.3 Indoor switchgear 


For switchgear in indoor situations that are dry and well ventilated and for switchgear in 
atmospheric conditions that are not unduly corrosive when the switchgear is on non-nominal 
distribution duties (e.g., used infrequently to make or break normal load currents), the follow- 
ing is given as a guide: 


— Inspect and clean regularly, with a maximum interval of 12 mo. 

— Examine normally at 5 y intervals. 

— Overhaul when and to the extent that inspection, examination, or diagnostic testing 
indicates that overhauling is necessary, with a maximum interval of 15 y. 


NOTE-— The intervals quoted are given as a guide and are based on a three-stage maintenance policy of 
inspection, examination, and overhaul. Where the policy is based on two stages (i.e., inspection and 
overhaul), the maximum advisable interval between overhauls may be reduced to 10 y. 


16.5.4.4 Outdoor switchgear 


For outdoor switchgear where the atmospheric conditions of the site are reasonably clean and 
the switchgear is not subject to excessive pollution, the intervals given in 16.5.4.3 may be 
considered for normal distribution duties, but these intervals may need to be reduced due to 
adverse conditions. 


16.5.4.5 Frequent operation or adverse atmospheric conditions 

For switchgear that is frequently operated or that is situated in adverse atmospheric condi- 
tions, the intervals between maintenance operations should be less than the intervals stated in 
16.5.4.3. In the case of circuit breakers operated frequently to control (e.g., an electric arc 


furnace), the intervals between maintenance operations could be measured in weeks. 


In such cases, relating the intervals to the number of switching operations rather than time 
may be preferable. 


See 16.8 for a summary of recommended maintenance operations for oil switchgear. 
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16.6 Maintenance of switchgear for voltages up to 1000 V ac and 
1200 V dc 


16.6.1 Premaintenance requirements and precautions 
16.6.1.1 Safety of personnel 


To establish safe working conditions for the maintenance of switchgear intended to operate at 
ac voltages up to 1000 V and dc voltages up to 1200 V, the requirements given in 16.3 and 
16.4 should be followed. 


16.6.1.2 Equipment to be rendered inoperative 


OSHA requires that all equipment to be worked on be de-energized and isolated see CFR 
1910.333). OSHA requires that equipment that is not grounded shall be considered as operat- 
ing at the highest voltage in the area (see CFR 1910.333). If making the equipment dead and 
isolated is not practicable, at least all closing and opening devices should be made inopera- 
tive. This step can usually be achieved as follows: 


a) For closing devices—by discharging any stored energy devices and by removing 
fuses or links in the control closing circuits. 


b) For tripping devices—by tripping any tripping devices and by removing fuses or 
links in the tripping and auxiliary circuits. Any stored energy devices should have 
their energy discharged. 

16.6.1.3 Manufacturers’ operation and maintenance instructions 


Each equipment manufacturer’s operation and maintenance instructions provide guidance 
that should be read in conjunction with this clause. 


16.6.1.4 Replacement parts 

Ensuring the suitability and interchange ability of replacement parts is important. 

16.6.2 Frequency of maintenance 

The interval that can be allowed between consecutive maintenance operations on switchgear 
depends on the operating conditions of the controlled circuits. The criteria to be considered 
when deciding the intervals between maintenance operations are outlined in 16.5. Usually the 
intervals are related to the number of switching operations and to time (see ANSI C37.16- 
1988). 

16.6.3 Diagnostic testing 


Where practicable, the maximum use may be made of diagnostic testing techniques to indi- 
cate the condition of equipment and to prolong the intervals between dismantling. Records 
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should be kept of all diagnostic tests so that comparisons can be made and trends estimated; 
checklists alone, which indicate only that measurements have been taken, are not sufficient. 
Diagnostic techniques applicable to switchgear are given in 16.11. 

16.6.4 Routine maintenance 

16.6.4.1 Inspection 

16.6.4.1.1 General inspection 

A general inspection of the electrical station verifies that attention is being given to general 
cleanliness, heating, ventilation, and other relevant requirements detailed in 16.4. During this 
inspection, the condition of weather seals, signs of corrosion, leakage of oil or compound, 
unusual smells that may indicate overheating, and noises that may indicate electrical dis- 
charge or looseness of components may be investigated. 

Also, as far as reasonably practicable, verify that external insulation, trip mechanism, 
optional shutter mechanism in metal-enclosed low-voltage power circuit breaker (LVPCB) 
switchgear, ground connection, and other visible parts are inspected for any signs of 


abnormality. 


Inspection verifications include that ancillary equipment, spare fuses, special tools, and other 
equipment required for the operation of the switchgear are available and in good order. 


16.6.4.1.2 Inspection of specific items of equipment 


Verity that attention is given to the items where a clause number is shown in the “Routine 
maintenance” column of Table 16-1 (see 16.6.7). 


If possible, exercising of circuit breakers should be conducted to verify free mechanism 
movement and to redistribute and prolong the lubricants’ functional life. 


16.6.4.2 Examination and overhaul 

16.6.4.2.1 General 

Overhauls are usually performed when an inspection, examination, or manufacturer’s recom- 
mendation indicates they are necessary. Operations that may be required to be carried out 
during maintenance are given in 16.6.4.2.2 through 16.6.4.2.14. 

16.6.4.2.2 Cleaning 


Verify that all loose external dirt is first removed. In the cleaning of switchgear, what is gen- 
erally known as cotton waste should not be used. Verify that material used for cleaning is 
clean and free from loose fibers, metallic threads, and similar particles. Brushes and blower 
nozzles of nonmetallic material should be used. 
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Verify that care is taken to prevent loose parts, tools, metal filings, or dirt from falling into the 
apparatus. 


Cleaning fluids and lubricants should be carefully selected to ensure compatibility with 
organic insulation, plastics, valve gear and bearings, rubber and synthetic O rings, and other 
materials used in the construction of the equipment. Verify that they are also safe for use by 
personnel. Certain cleaning fluids and most aerosol lubricants tend to debase grease 
lubricants and leave them to harden and impede sensitive mechanical mechanisms. Cleaning 
fluids should be reviewed with the manufacturer. 


16.6.4.2.3 Insulation 


Verify that insulation is inspected, cleaned, and renewed where necessary. Inspections of 
porcelain and molded insulation may reveal cracks or other defects. Inspections of bonded 
and laminated fibrous and other organic insulation may reveal signs of tracking, treeing, 
blistering, delamination, or mechanical damage. On this type of equipment, which often 
cannot be isolated, insulation-resistance tests may be necessary only where the insulating 
material is suspect or when the connected circuits are to be tested. 


For further information on the maintenance and testing of insulation, see 16.14. 
16.6.4.2.4 Equipment enclosures 


Verify the operation of any heaters. Inspections of equipment and enclosures may reveal rust, 
corrosion, ingress of water, clogging of filters (Gf any), and condition of ground electrodes 
and connectors. 


16.6.4.2.5 Contacts 


a) Contacts of circuit breakers should be examined for burning, overheating, 
misalignment, or other damage and should be reconditioned or renewed as required. 
Verify that bolted or wedge contacts are correctly tightened, by use of special tools, if 
provided. 


Overheating may be caused by overloading, loose connections, insufficient contact 
force, ineffective fuse-link contact, or lack of alignment of switch contacts. 
Sometimes overheating may be detected only with the equipment under load. 


Infrared diagnostic testing can be utilized when safe access is possible via switchgear 
rear hinged door panels. 


b) Slight discoloration or burning of bare copper or copper alloy contacts is not 
necessarily harmful, but may be removed by suitable abrasive cloth or a fine file. The 
manufacturer’s recommended contact profile should be maintained, and care is 
necessary to minimize the amount of material removed. Verify that the spring force 
between the contact surfaces is not significantly reduced. 


Modern high-pressure point or line contacts normally carry their rated current satis- 
factorily even if some pitting of the surface exists. Large beads or ridges on the 
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contacting members that would seriously impede closing or opening may be removed 
in accordance with the manufacturer’s instructions. 


c) Attempting to clean or dress tipped or plated contacts is usually undesirable, and fol- 
lowing the manufacturer’s recommendations is paramount. Silver or silver-plated 
contacts seldom require cleaning despite a black appearance. 


d) Verify that, when contacts are refitted, renewed, or refurbished, the contact force, 
alignment, and wipe are maintained. 


e) Verify that any flexible braids are inspected, especially for fraying at the termina- 
tions, and renewed if necessary. Where exposed to the atmosphere, the braids may be 
treated with a suitable protective compound that does not impair their flexibility. 


f) Any recommendations of the manufacturer for treatment of the contacts should be 
followed. Caution is advised when using lubricants in dusty situations. 


16.6.4.2.6 Arc-control devices and interpole barriers in vicinity of arc 


Verify that arc-control devices and interpole barriers in the vicinity of the arc are examined 
and are cleaned or, if badly burned, replaced. 


Where the surface finish of an arc-control device is critical to its performance, verify that any 
cleaning of the device does not cause abrasion. 


As far as is reasonably practicable, verify that arc-control devices are examined to ensure that 
they are securely fastened, correctly adjusted, and electrically connected. All adjustments 
should be performed only in accordance with the manufacturer’s instruction. 


16.6.4.2.7 Mechanisms 


Verify that mechanisms of circuit breakers are cleaned and examined and any worn parts 
renewed. Verify that circlips are correctly seated and that cotter pins are properly installed. 


16.6.4.2.8 Indicating devices and interlocks 


— Indicating devices. Indicating devices (e.g., mechanical ON and OFF indicators, 
semaphores) should be inspected to ensure that they are in good order and operating 
correctly. 

—  Interlocks. Verify that interlocks and locking devices receive particular attention, 
especially such devices associated with grounding and testing facilities. A strained or 
worn device may result in a dangerous condition. 


Provided the necessary precautions have been taken, verify that any incorrect operation is sat- 
isfactorily inhibited. Lubricant should be applied as necessary. 


Refer to 16.6.4.2.2 concerning care in selection of proper lubricants. The safety-related inter- 
locks should be checked for proper operation in accordance with IEEE Std C37.20.2-1999 
(e.g., open before removal, trip-free during removal, spring discharge). 
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16.6.4.2.9 Connections 


Verify that all joints are sound and that good contact is maintained on current-carrying, main 
ground, and secondary ground connections. 


NOTE— When remaking aluminum connections, recoat and wire-brush the connections. 


16.6.4.2.10 Fuses 


Verify that fuse connections are tight and that the rating of fuses is correct. In renewable 
fuses, examine fuse-links for signs of deterioration. 


Check fuse ferrules for signs of overheating. 
16.6.4.2.11 Cable terminations 
Inspect cable terminations and risers for overheating of connections or distortion. 
16.6.4.2.12 Contactors 
Inspect contactors as follows: 
a) Verify that loose particles and dust from arc chutes are removed and replace the arc 


chutes where necessary. Inspect contacts and springs. Contacts are normally allowed 
to bed in until erosion necessitates replacement. 


CAUTION 


Provide personnel with protection when working with asbestos, such as asbestos arc chutes 
(see OSHA 1926.58 and ASTM E849). 


b) Verify that pivots are lightly lubricated if required (refer to manufacturer’s instruc- 
tions) and armature pole faces cleaned. Verify that any shading rings are in position. 


c) Verify that contacts are free to operate and cannot damage the arc chutes. 


d) Verify the alignment and security of the tube and flexible connections of mercury 
tube contacts. 


16.6.4.2.13 Bus bars and bus bar compartments 


Verify that any barriers and supports are examined, as much as reasonably practicable, and in 
accordance with the following: 


a)  Air-insulated equipment. For air-insulated equipment, the examination includes any 
removal of covers to enable connections to be inspected and any chambers to be 
cleaned. 


b) Reserved. 
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16.6.4.2.14 Final verification 
Before the equipment is returned to service, verify that the following have been done: 


a)  Tightness of circuit and ground connections has been verified. 


b) Insulation resistance of the circuit, including auxiliary wiring where practicable, has 
been verified (see 16.6.4.2.3). 


c) An operational check has been performed. 


d) The circuit breakers have been placed back into their original positions to ensure no 
change in the protective settings for the subject circuits. 


16.6.5 Post-fault maintenance of circuit breaker switchgear 


Depending on the design and duty of the switchgear, inspection may be necessary after oper- 
ation due to a fault. Where such an inspection is necessary, verify that attention is given to the 
following: 


a) Cleaning. Insulation and other parts are cleaned and inspected for signs of cracking, 
burning, tracking, or other damage. 


b) ~~ Contacts and arc-control devices. Contacts and arc-control devices are inspected for 
burning or other damage and are reconditioned or renewed where necessary. The con- 
tact force, alignment, and wipe are checked (see also 16.6.4.2.5). 


c) Mechanisms. The mechanism is checked for correct operation. 


d) Insulation resistance. The insulation resistance is measured and recorded before the 
equipment is returned to service. 


16.6.6 Maintenance of auxiliary equipment 


Recommendations applicable to auxiliary equipment that may form part of the switchgear are 
given in 16.12. 


16.6.7 Summary of maintenance operations 
The maintenance operations recommended for switchgear intended for operation at ac volt- 


ages up to 1000 V and dc voltages up to 1200 V are summarized in Table 16-1. A reference to 
a clause number in the columns indicates the appropriate maintenance operations. 
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Table 16-1 — Maintenance operations for switchgear for voltages up to 
1000 V ac and 1200 V dc 


Routine maintenance 
Maintenance Premaintenance Post-fault 
operation requirements ; Examination maintenance 
Inspection 
and overhaul 


Safety of personnel 


Equipment to be 
rendered inoperative 


General inspection 16.6.4.1.1 16.6.4.1.1 


Diagnostic testing 16.6.3 and 
16.11 


Operational check 16.6.4.2.2 16.6.4.2.2 


Insulation 16.6.4.2.3 16.6.4.2.3 


Contacts 16.6.4.2.5 16.6.4.2.5 


Arc-control devices 16.6.4.2.6 16.6.4.2.6 


Mechanisms 16.6.4.2.7 16.6.4.2.7 


Indicating devices and 16.6.4.2.8 16.6.4.2.8 
interlocks 


Connections 16.6.4.2.9 


Fuses 16.6.4.2.10 16.6.4.2.10 


Cable terminations 16.6.4.2.11 16.6.4.2.11 


Contactors 16.6.4.2.12 


Bus bar and bus bar 16.6.4.2.13 
compartments 


Final verification 16.6.4.2.14 16.6.4.2.14 


Auxiliary equipment 16.12 16.6.5 


“The numbers quoted in the columns refer to the appropriate clause numbers in this recommended 
practice. 
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16.7 Maintenance of air-magnetic switchgear for voltages above 
1000 V ac and 1200 V dc 


16.7.1 Premaintenance requirements and precautions 
16.7.1.1 Safety of personnel 


To establish safe working conditions for the maintenance of air-break switchgear intended for 
operation at ac voltages above 1000 and dc voltages above 1200 V, the requirements given in 
16.3 and 16.4 should be followed. For operating disconnect devices rated at ac voltages above 
1000 V, personnel should use tested high-voltage gloves. 


16.7.1.2 Equipment to be rendered inoperative 


Verify that power-closed switchgear and any associated remote controlling equipment are 
rendered inoperative. This step can usually be achieved by taking the following action as 
appropriate: 

a) Solenoid-closed switchgear. Isolate the main solenoid power supply. 


b) = Spring-closed switchgear. Discharge the closing spring. For a motor-wound spring- 
closing mechanism, first, isolate the motor power supply; second, confirm that the 
closing spring is discharged; and third, discharge the opening spring. 


c) Reserved. 

d) Stored energy devices. Verify that the stored energy device is discharged. 
e) Tripping devices. Verify that the tripping device is tripped. 

f) Fuses. Verify that the fuse is removed. 


g) Removable or drawout circuit breaker switchgear. Verify that the primary discon- 
nects are isolated and grounded before any work is performed on them. 


h) Shutters. Verify that any shutters or other devices preventing access to isolating con- 
tacts that may be live are locked closed. 


16.7.1.3 Manufacturers’ operation and maintenance instructions 
The guidance in 16.6.1.3 applies. 

16.7.1.4 Replacement parts 

The guidance in 16.6.1.4 applies. 

16.7.2 Frequency of maintenance 


Refer to 16.5. 


Copyright © 2001 IEEE. All rights reserved. 659 


IEEE 
Std 242-2001 CHAPTER 16 


16.7.3 Diagnostic testing 

The guidance in 16.6.3 applies. 

16.7.4 Operational check 

Where practicable, trip and reclose every circuit breaker at regular intervals to verify that it is 
capable of satisfactory operation. Initiate the tripping by commanding the protective relay to 
operate and energize the electrical trip coil. Then verify that the circuit breaker has operated. 
16.7.5 Routine maintenance 

16.7.5.1 Inspection 

16.7.5.1.1 General inspection 

The guidance in 16.6.4.1.1 applies. 


16.7.5.1.2 Inspection of specific items of equipment 


Verify that attention is given to the items where a clause number is shown in the “Routine 
maintenance” column of Table 16-2. 


16.7.5.2 Examination and overhaul 
16.7.5.2.1 General 


Overhauls should be performed only when an inspection, examination, or manufacturer’s rec- 
ommendation indicates they are necessary. 


Operations that may be required to be performed are given in 16.7.5.2.2 through 16.7.5.2.21. 
16.7.5.2.2 Cleaning 

Verify that all loose external dirt is first removed. To avoid ingress of dirt into any internal 
portion of the circuit breaker, verify that any joint or gasket is cleaned prior to commencing 
any dismantling. 

In the cleaning of switchgear, what is generally known as cotton waste should not be used. 
Verify that materials used for cleaning are clean and free from loose fibers, metallic threads, 


and similar particles. Verify that brushes and blower nozzles contain no metallic material. 


Care should be taken to prevent loose parts, tools, metal filings, or dirt from falling into the 
apparatus. 


Verify that cleaning fluids and lubricants applied after cleaning are carefully selected to 
ensure compatibility with organic insulation, plastics, valve gear and bearings, rubber and 
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synthetic O rings, and other materials used in the construction of the equipment. Nontoxic 
labels on the materials to indicate safe use by personnel are required. Certain cleaning fluids 
and most aerosol lubricants tend to debase grease lubricants and leave them to harden and 
impede sensitive mechanical mechanisms. Review cleaning fluids and lubricants with the 
manufacturer. 


16.7.5.2.3 Insulation 


Verify that insulation is inspected, cleaned, and renewed where necessary. Inspect porcelain 
and molded insulation for cracks or other defects. Inspect bonded and laminated fibrous and 
other organic insulation for signs of tracking, treeing, blistering, delamination, or mechanical 
damage. Insulation-resistance tests on organically insulated bus, such as used in metal-clad 
switchgear, are strongly recommended as these tests give an indication of the condition of the 
insulation. 


For further information on the maintenance and testing of insulation, see 16.14. 
16.7.5.2.4 Equipment enclosures 

Refer to 16.6.4.2.4. 

16.7.5.2.5 Contacts 

Examine and overhaul contacts as follows: 


a) Verify that contacts are examined for burning or other damage and are reconditioned 
or renewed as required. Verify that any backing springs are exerting the correct force 
and that the contacts are in correct alignment. 


Arcing contacts may show signs of burning and erosion, but such signs are not harm- 
ful provided that they are not excessive and provided that the correct spacing between 
the arcing and main contacts can be obtained. Verify that the security of any arc- 
resisting tips are checked. The normal duty of arcing tips is to carry the arc root; but, 
if excessive burning and/or erosion is present, then the arcing tips require replace- 
ment. 


b) Verify that hinge contacts are examined for any signs of overheating, burning, 
welding, or other damage. Verify that they are reconditioned, adjusted, or replaced as 
necessary. Investigate any damage found. Verify that contacts are inspected for signs 
of arcing in other than normal places. 


c) Slight discoloration or burning of bare copper or copper-alloy contacts is not neces- 
sarily harmful, but may be removed by suitable abrasive cloth or a fine file. Verify 
that the amount of material removed from contacts is kept to a minimum and that the 
manufacturer’s recommended profile is maintained. Renewal of the contacts may be 
necessary. Verify that the spring force between the contact surfaces remains at the 
required level. 


Modern high-pressure point or line contacts normally carry their rated current 
satisfactorily even if some pitting of the surface exists. Large beads or ridges on the 
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contacting members that would seriously impede closing or opening should be 
removed. 


d) For circuit breakers using high-pressure contacts (e.g., high-speed circuit breakers) or 
special tipped contacts, attempting to clean or to dress the contacts is usually 
undesirable, and the manufacturer’s recommendations should be followed. Silver or 
silver-plated contacts seldom require cleaning. 


e) For laminated wiping contacts, verify that the manufacturer’s recommendations are 
followed. 


f) When contacts are refitted, renewed, or refurbished, verify that contact force, 
alignment, and wipe are maintained. 


g) Any flexible braids should be inspected, especially for fraying at the terminations, 
and renewed if necessary. Where exposed to the atmosphere, the braids may be 
treated with a suitable protective compound that does not impair their flexibility. 


h) The manufacturers’ recommendations should be followed concerning lubrication of 
contacts, pivots, and hinge pins. 


16.7.5.2.6 Arc-control devices and interpole barriers in vicinity of arc 


Verify that arc-control devices and interpole barriers in the vicinity of the arc are examined 
and are cleaned or, if badly burned, replaced. 


Where the surface finish of an arc-control device is critical to its performance, the device 
requires replacement. 


Verify that any air-puffer device is checked for correct operation. 
Check the air pistons. 


As far as is reasonably practicable, verify that arc-control devices are examined to ensure that 
they are securely fastened, correctly adjusted, and electrically connected. Verify that all 
adjustments are performed in accordance with the manufacturer’s instructions. 


16.7.5.2.7 Mechanisms 


a) General. During inspection or examination of mechanisms, verify that care is taken 
to avoid the possibility that fingers can be trapped and that anyone can be struck by 
moving parts. 


b) Retaining clips and cotter pins. Verify that circlips are perfectly seated and that cotter 
pins are properly installed. 


c) Tripping mechanism. Verify that the tripping mechanism is cleaned and examined 
and any worn parts renewed. 


Verify that rolling or sliding surfaces in the trip mechanism are free from dried-up 
lubricant. Verify that the mechanical items of the tripping mechanism are inspected, 
cleaned, lubricated sparingly with the recommended lubricant, and adjusted as 
required. Verify that particular care is taken with plastic bearings or components 
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because the use of an incorrect lubricant can often have a deleterious effect. Refer to 
16.7.5.2.2 concerning care in selection of proper lubricants. 


Verify the correct operation. 
Record the force required to release the tripping mechanism. 
Inspect the trip coil plungers for free movement. Do not lubricate. 


Verify that any adjustments to tripping mechanisms comply with the manufacturer’s 
instructions. 


d) Closing mechanism. Verify that the closing mechanism is cleaned and examined and 
any worn parts renewed. Verify that the closing mechanism is lubricated as necessary 
and all surplus oil and grease are removed. 


Verify that the mechanical details of the closing mechanism are examined and that 
any damping devices operate correctly. For spring closing gear, special attention 
should be paid to gears, ratchet wheels, and pawls. They should be examined closely 
for broken or chipped teeth. Record the force required to operate the closing release. 


Verify that, where motor-wound springs are employed, the motor and its connections 
are examined and the reduction gear treated with the recommended lubricant. 


16.7.5.2.8 Auxiliary switches, indicating devices, and interlocks 


a) Auxiliary switches. Verify that auxiliary switches are kept in clean and sound condi- 
tion because the correct functioning of other items of equipment, including protective 
gear, depend upon them. 


The contacts should be inspected, cleaned, and replaced (if necessary). Where possi- 
ble, verify the correct contact force, freedom of operating links, and correct timing of 
contacts in relation to the circuit breaker contacts. 


b) Indicating devices. Indicating devices (e.g., mechanical ON and OFF indicators, 
semaphores) require verification and inspection to ensure that they are in good order 
and operating correctly. 


c)  Interlocks. Verify that interlocks and locking devices receive particular attention, 
especially such devices associated with grounding and testing facilities. A strained or 
worn device may result in a dangerous condition. 


Provided the necessary precautions have been taken, verify that any incorrect opera- 
tion is satisfactorily inhibited. Verify that lubricant is applied as necessary. 


Verify that the safety-related interlocks are checked for proper operation in 
accordance with IEEE Std C37.20.2-1999 (e.g., open before removal, trip-free during 
removal, and spring discharged). 


d) Contact timing. Verify that particular attention is given to the required timing of the 
auxiliary contacts controlling the trip circuit. 
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16.7.5.2.9 Reserved 
16.7.5.2.10 Protective relays 


Recommendations for routine maintenance for protective relays are given separately in 
16.13. 


16.7.5.2.11 Instrument and control power transformers 


Recommendations for routine maintenance for instrument and control power transformers 
are given separately in 16.12 and 16.13. 


16.7.5.2.12 Control relays or contactors 


With the control and main solenoid or motor circuit isolated, verify that the mechanical parts 
of control relays or contactors are inspected for free movement. Verify that loose particles and 
dust are removed from arc chutes and that the arc chutes are replaced where necessary. Verify 
that contacts are inspected and renewed where necessary. 


Verify that any flexible braids are inspected, especially for fraying at the terminations, and 
renewed when necessary. Where exposed to external atmosphere, the braids may be treated 
with a suitable protective compound that does not impair their flexibility. 


16.7.5.2.13 Connections 


Verify that all joints are sound and that good contact is maintained on current-carrying, main 
ground, and secondary ground connections. 


NOTE— When remaking aluminum connections, recoat and wire-brush the connections. 
16.7.5.2.14 Secondary wiring and fuses 


Verify that connections of secondary wiring and fuses are tight, that good contact is main- 
tained, and that terminal boxes are free from dirt and moisture. Verify the continuity of wiring 
to the fuses, instrument transformers, relays, instruments, motors, and other associated items. 
Consider insulation-resistance testing of wiring. 


Verify that all contacts, including plug and socket contacts, are cleaned and lubricated spar- 
ingly with the recommended lubricant. Caution should be taken when using lubricants in 
dusty situations. 


Inspect fuses for signs of deterioration. 
Verify that the fixed contacts carrying the fuses have satisfactory contact and are cleaned if 


necessary. 
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16.7.5.2.15 Heaters 


Verify the correct operation of any heaters. 


16.7.5.2.16 Isolators and grounding switches 


a) 


b) 


c) 


d) 


e) 


g) 


h) 


1) 


Operation. Verify the correct operation of isolators and grounding switches. Verify 
that the contacts are examined for signs of burning or overheating and that the contact 
force is verified. 


Interlocking. Provided the necessary precautions have been taken, verify the correct 
interlocking between these switches and the circuit breaker or other associated 
switchgear. 


Linkages. Verify that linkages are carefully cleaned and a suitable lubricant applied. 
Verify that the alignment of drive links and operating rods is correct and adjust as 
necessary. 


Verify that all poles operate freely and simultaneously and that the main contacts are 
held positively in the fully engaged position when the operating linkage is in the ON 
or CLOSED position. Conversely verify that the main contacts are fully open when 
the operating linkage is in the OFF or OPEN position. 


Contacts. Verify that the main and auxiliary contacts are inspected, cleaned or 
renewed, and lubricated sparingly, if required, with the recommended lubricant. 
Verify that contact pressure or circumferential springs exert correct force and that 
contacts are in correct alignment. 


Hinged contact springs. Verify the correct force of hinged contact springs and that 
lubricant is applied to the hinges. Verify that flexible connections are inspected for 
fraying, especially at the terminations, and for deterioration of any protective jackets. 
Protective compound may be applied to protect bare copper flexible braids in outdoor 
conditions. Verify that the linkages are secure and that a correct lubricant is applied to 
the pivots of any supporting pantograph. 


Arc horns. Verify that arc horns are inspected for damage and security of mounting 
hardware. Verify that the horn wipes lightly through the opening stroke and does not 
inhibit the closing stroke. 


Insulation. Verify that insulation is carefully cleaned and inspected for cracks or other 
damage and any defective components renewed. 


Operating rod insulators. Verify that operating rod insulators, such as wood lami- 
nates, are examined for both mechanical and electrical condition and are replaced as 
necessary. 


Joints and connections. Verify that all joints and connections, including ground con- 
nections, are sound. 


NOTE— When remaking aluminum connections, recoat and wire-brush the connections. 
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16.7.5.2.17 Shutters 


Verify the operation of all shutter mechanisms. This verification should normally be carried 
out immediately after removal of the equipment from its housing or immediately prior to 
energizing. 


Verify that lubrication of the operating mechanism and associated linkage is done sparingly, 
as recommended by the manufacturer. 


16.7.5.2.18 Switchgear disconnects 


Verify that disconnects are grounded, examined, and cleaned where necessary and that sur- 
faces are inspected for signs of mechanical or electrical deterioration. 


Immediately prior to returning the switchgear to the service position, verify that a visual 
inspection of the disconnects is performed. 


16.7.5.2.19 Bus bars and bus bar compartments 


Verify that any barriers and supports are examined, as much as reasonably practicable, and in 
accordance with the following: 


a)  Air-insulated equipment. For air-insulated equipment, the examination includes the 
removal of covers to enable connections to be inspected and any enclosures to be 
cleaned. 


b) Compound-filled equipment. For compound-filled equipment, the examination is lim- 
ited to the verification of the filling level and an inspection for signs of leakage of the 
compound, moisture ingress, and irregularities on the surface of the compound. 


To check for possible deterioration of the compound, verify that the insulation resistance is 
recorded at regular intervals (e.g., every 3 y and adjusted by experience). Any significant 
change in values may require a thorough investigation of the condition of the compound. 


16.7.5.2.20 Weather shields 


Verify that any weather shield fitted to the equipment is securely fixed and that it is in a ser- 
viceable condition before the equipment is re-energized. 


16.7.5.2.21 Final verification 


Before the equipment and auxiliary apparatus are returned to service, verify that an 
insulation-resistance test has been performed and recorded (see 16.14), followed by an 
operational check, including the recording of opening and closing times. 
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16.7.6 Post-fault maintenance of circuit breaker switchgear 


Depending on the design and duty of the switchgear (see 16.5), inspection may be necessary 
after operation due to a fault. Where such an inspection is necessary, verify that attention is to 
be given to the following: 


a) Cleaning. Insulation and other parts susceptible to deposition from metal vapor are 
cleaned and inspected for signs of cracking, burning, tracking, or other damage. 


b) Contacts and arc-control devices. Contacts are inspected for burning or other damage 
and are reconditioned or replaced if necessary. Contact force, alignment, and wipe 
are verified. 


To remove traces of metal deposits, removing the arc-control devices and 
reconditioning or replacing them are generally necessary. 


c) Mechanisms. The mechanism operates correctly, and particular attention is paid to 
settings and clearances after contact or arc-control devices are replaced. 


d) Insulation resistance. The insulation resistance is tested, recorded, and compared 
with the prefault values before putting the switchgear back into service. 


16.7.7 Maintenance of auxiliary equipment 


Recommendations applicable to auxiliary equipment that may form part of the switchgear are 
given in 16.12. 


16.7.8 High-voltage fuse connections and associated linkage 


Verify that, where applicable, the operation of a single fuse causes all other poles to open and 
that the manual ON/OFF or CLOSED/OPEN trip mechanism functions correctly. 


Verify that only approved fuses for the particular equipment are installed. 


When replacing a blown fuse in a multiphase set, replace the remaining fuses, subject to 
advice from the fuse manufacturer. 


16.7.9 Summary of maintenance operations 


The maintenance operations recommended for air-magnetic switchgear intended for 
operation at ac voltages above 1000 V and dc voltages above 1200 V are summarized in 
Table 16-2. A reference to a clause number in the columns indicates the appropriate 
maintenance operation. 
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Table 16-2— Maintenance operations for air-magnetic switchgear for voltages 
up to 1000 V ac and 1200 V dc 


Routine maintenance 


Maintenance Premaintenance Post-fault 
operation requirements : Examination maintenance 
Inspection 
and overhaul 
Safety of personnel 16.7.1.1 
Equipment to be 16.7.1.2 


rendered inoperative 


Diagnostic testing 16.7.3 16.7.3 
Operational check 16.7.4 16.7.4 16.7.4 
General inspection 16.7.5.1.1 16.7.5.1.1 
Cleaning 16.7.5.2.2 
Insulation 16.7.5.2.3 16.7.5.2.3 
Enclosures 16.7.5.2.4 16.7.5.2.4 
Contacts 16.7.5.2.5 16.7.6 
Arc-control devices and 16.7.5.2.6 16.7.6 
interpole barriers 
Mechanisms 16.7.5.2.7 16.7.6 
Auxiliary switches 16.7.5.2.8 
Indicating devices and 16.7.5.2.8 
interlocks 
Isolating contacts 16.7.5.2.9 
Overload devices, 16.13 16.13 
protective relays 
Instrument and 16.12 and 16.13 
protective transformers 
Control relays or 16.7.5.2.12 
contactors 
Connections 16.7.5.2.13 
Secondary wiring and 16.7.5.2.14 
fuses 
Heaters 16.7.5.2.15 
Isolators and grounding 16.7.5.2.16 16.7.5.2.16 
switches 
Shutters 16.7.5.2.17 
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Table 16-2—Maintenance operations for air-magnetic switchgear for voltages 
up to 1000 V ac and 1200 V de (Continued) 


Routine maintenance 
Maintenance Premaintenance Post-fault 
operation requirements : Examination maintenance 
Inspection 
and overhaul 


Switchgear disconnects 16.7.5.2.18 16.7.5.2.18 


Bus bars and bus bar 16.7.5.2.19 
compartments 


Weather shields 16.7.5.2.20 


Final verification 16.7.5.2.21 16.7.5.2.21 16.7.5.2.21 


Auxiliary equipment 16.12 16.12 


High-voltage fuse 16.7.8 16.7.8 
connections and 
associated links 


®The numbers quoted in the columns refer to the appropriate clause numbers in this recommended 
practice. 


16.8 Maintenance of oil switchgear 
16.8.1 Application of section 


The guidance in 16.7 applies to the maintenance of oil switchgear with the additions and 
modifications given in 16.8.2 through 16.8.4. 


16.8.2 Special precautions for oil switchgear 
The following special precautions are advised for oil switchgear: 


a) Where oil is or has been directly exposed to the atmosphere, verify that smoking or 
open flames are prohibited. 


b) Particular care should be taken when personnel are required to enter bulk oil circuit 
breaker tanks (see Jan. 1986 NIOSH Alert!). Before entering large oil circuit breaker 
tanks after the oil has been drained, care should be taken to see that sufficient time 
has elapsed to permit the gas residue remaining in the circuit breaker to escape. In 
addition, operating temporary fans or other air-handling equipment may ensure a safe 
exchange of fresh air. 


c) Under no circumstances is the switchgear to be operated with the tank down or 
devoid of oil, without first referring to the manufacturer’s instructions and taking all 
necessary safety precautions. 
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16.8.3 Routine maintenance, examination, and overhaul 


The guidance in 16.7.5 applies to the routine maintenance of oil switchgear with the 
conditions and modifications for examinations and overhauls given in 16.8.3.1 through 
16.8.3.10. 


16.8.3.1 Cleaning 


For the cleaning of oil compartments, a good practice is to use only chamois leather or plastic 
sponges. 


16.8.3.2 Insulation 


Verify that oil-filled bushings are inspected for leaks and that the oil level is checked and 
corrected if necessary. 


Verify that any water sumps of oil barrier bushings are drained. 


NOTE —As conducting films can occur on the bushings of outdoor switchgear, special cleaning liquids 
may be recommended by the manufacturer. 


16.8.3.3 Arc-control devices 


a) Verify that arc-control devices are inspected or examined; are cleaned; and, if the 
volume or orifice size has changed or if the devices are badly burned, are replaced. 
Verify that care is taken that vent holes and contact orifices are cleaned and the 
devices flushed out with clean oil before being refitted. Retightening of any assembly 
bolts may be necessary. 


b) Verify that arc-control devices made from compressed fibrous materials that cannot 
be cleaned without abrasion are replaced. Other materials require treatment in 
accordance with the manufacturer’s instructions. 


Verify that assemblies that have been removed are immersed in clean oil during work 
delays to prevent entry of moisture. 


c) Verify that any connections are checked for continuity value. 


d) Verify that, as far as feasible, arcing tips and arc-control devices are inspected to 
ensure that they are securely fastened, correctly adjusted, and electrically connected. 


e) Verify that vent holes and contact orifices are in their correct positions relative to the 
contact system when arc control devices are being refitted. 


f) Verify that all adjustments are performed only in accordance with the manufacturer’s 
instructions. 


16.8.3.4 Venting, gas seals, and breathers 


Verify that the venting system is checked to ensure that a free passage for oil and gases exists. 
Where a joint exists between fixed and movable portions of the gear, verify that it is in sound 
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condition. Verify that in no circumstances are the vents to be made larger than the design 
allows. 


Verify that the condition of dehydrating agents if incorporated in breathers is checked. 
16.8.3.5 Mechanisms 


The guidance in 16.7.5.2.7 applies to the examination and overhaul of mechanisms with the 
following additional item: Uncontrolled closing or opening operations with the tank removed 
or empty of oil are undesirable unless the manufacturer’s instructions specifically indicate 
otherwise. 


16.8.3.6 Interpole linkages 


a) Interpole linkages usually have carefully fitted linkage pins and minimum backlash 
mechanisms. Verify that these features are examined and adjusted, as required, to 
ensure minimum spread of timing between poles. Any deterioration in this respect is 
usually indicated in the timing test. 


b) Verify that the manufacturer’s instructions for the setting dimensions of the interpole 
linkages are followed, that all nuts and bolts are tight, and that all pivot pins secure. 


c) Verify that all mounting hardware is tight and all pivot pins are secure. 


d) Oncircuit breakers fitted with mechanical intertripping between poles, verify that the 
correct function is checked by initiating operations (i.e., close, open) of each pole in 
turn and ensuring that in each case the remaining two poles follow suit. 


NOTE-— Verify that interpole linkages are not altered unless essential adjustments are required per the 
manufacturer’s instructions. 


16.8.3.7 Dashpots associated with interpole linkages 


a) Malfunction of dashpots associated with interpole linkages is usually indicated only 
by a travel record during the timing test. Unless such a record is available and indi- 
cates satisfactory operation, verify that the dashpots are carefully inspected. 


b) For oil dashpots, verify that the oil level is correct. 


c) For air dashpots, verify that bleed holes are not blocked and that clearances are 
satisfactory. 


16.8.3.8 Insulating oil 
(See also 16.5.3.) 
a) Testing and sampling. Verify that a representative sample of oil is taken and tested 
every 6 mo. Oil sampling procedures should adhere to the manufacturer’s procedures. 


Caution is required when sampling equipment that is energized. Change or filter the 
oil if necessary. Verify that oil which does not comply with the prescribed tests is 
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b) 


replaced with oil meeting the required standard. Verify that the oil level is maintained 
to the prescribed level (see ASTM STP 998 and NEMA SG 4-1990). 


In addition to this routine maintenance, regular inspections (where feasible) should 
be made of oil levels. 


Replacement of oil. Verify that the oil is removed at least once a year, as adjusted by 
experience and the results of the oil analysis, and that the tank (or tanks) and other 
parts that have been in contact with the oil (e.g., liners, bushings, lift rods, guides) are 
thoroughly cleaned. The tank interior and surfaces of conductors and insulators 
should be kept free from carbon, fibers, and moisture as contamination lowers the 
dielectric strength of the oil. Prior to filling switchgear tanks with oil, a good practice 
is to first rinse the interior of the tank and the immersed parts with clean oil (see 
NEMA SG 4-1990). 


Filter the oil after successive openings under load, short-circuit, and such if it shows 
carbonization or if its dielectric strength is lowered because of dirt or suspended mat- 
ter. Test the oil before replacing it in the tank. Do not allow moisture to come into 
contact with the oil during filtering. 


Verify that as little aeration of the oil as possible occurs while filling of the tank, and 
as good practice, to fill from the bottom of the tank. Verify that a standing time is 
allowed after the tank is filled before commissioning the equipment. Verify that hot 
oil is not used to fill switchgear because of possible damage due to thermal stresses 
and risk of condensation of moisture on cooling. 


Verify that, if drying out insulation is necessary, the oil in the tank is circulated and 
heated to gradually bring it up to the required temperature. 


16.8.3.9 Tank and tank linings 


a) 


b) 
c) 


d) 


Verify that tank linings are inspected for evidence of burning or other damage. Pay 
special attention to the edges for signs of laminate separation, which often indicates 
the presence of moisture. Damp or damaged linings require reconditioning or 
replacement as necessary. 

Verify that the linings are not refitted until the tank has been thoroughly cleaned and 
dried. 

Verify that gaskets are inspected and replaced where necessary. 

Verify that special care is taken to avoid damage to interpole barriers when replacing 
tanks. 


Verify that all tank bolts are properly tightened in the correct sequence. 


16.8.3.10 Tank-lifting mechanism 


Where the tank-lifting mechanism is integral with the switchgear, verify that the rope (where 
fitted) and operating mechanism are inspected for wear, corrosion, and freedom of moving 
parts. Perform this inspection before attempting to lower the tank. 


Verify that the lifting mechanism is lubricated sparingly and hydraulic systems topped up as 
necessary. 
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16.8.4 Post-fault maintenance 
16.8.4.1 Isolation of drawout metal-clad switchgear 


Verify that the isolation of drawout metal-clad switchgear with oil circuit breakers is delayed 
for at least 10 min after operation on a fault to allow for the dispersal of any ignitable gases. 


16.8.4.2 Insulating oil 


If the oil is badly discolored or shows evidence of carbon particles in suspension, it may 
require changing in accordance with 16.8.3.8. 


16.8.4.3 Joints and seals 


Verify that all joints and seals (including cemented joints) are inspected for tightness and that 
particular attention is paid to tank gaskets where these are fitted. 


16.8.4.4 General mechanical inspection 

A general inspection for mechanical damage or distortion of the general structure and mecha- 
nism, both internal and external to the tank, is advisable. Verify that the switchgear is closed 
and tripped [see also 16.8.2 c)]. 

16.8.5 Summary of maintenance operations 

The maintenance operations recommended for oil switchgear are summarized in Table 16-3. 


A reference to a clause number in the columns indicates the appropriate maintenance 
operation. 


Table 16-3— Maintenance operations for oil switchgear 


Routine maintenance 


Maintenance Premaintenance Post-fault 
operation requirements . Examination maintenance 
Inspection 
and overhaul 
Safety of personnel 16.7.1.1 
Equipment to be 16.7.1.2 
rendered inoperative 
Precautions for oil 16.8.2 
switchgear 
Diagnostic testing 16.7.3 16.7.3 
Operational check 16.7.4 16.7.4 16.7.4 
General inspection 16.7.5.1.1 16.7.5.1.1 
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Table 16-3—Maintenance operations for oil switchgear (Continued) 


Routine maintenance 


Maintenance Premaintenance Post-fault 
operation requirements , Examination maintenance 
Inspection 
and overhaul 
Cleaning 16.8.3.1 16.7.6 
Insulation 16.8.3.2 16.8.3.2 
Enclosures 16.7.5.2.4 16.7.5.2.4 
Contacts 16.7.5.2.5 16.7.6 
Arc-control devices 16.8.3.3 16.7.6 
Isolating contacts 
Venting and gas seals 16.8.3.4 16.8.3.4 16.8.4 
Mechanisms 16.8.3.5 16.8.4.4 
Auxiliary switches 16.7.5.2.8 
Indicating devices and 16.7.5.2.8 
interlocks 
Overload devices and 16.13 16.13 
protective relays 
Instrument and 16.12 and 16.13 
protective transformers 
Control relays or 16.7.5.2.12 
contactors 
Insulating oil 16.8.3.8 16.8.4.2 
Tank and tank linings 16.8.3.9 16.8.4.4 
Tank lifting mechanism 16.8.3.10 16.8.3.10 
Connections 16.7.5.2.13 
Secondary wiring and 16.7.5.2.14 16.7.5.2.14 
fuses 
Heaters 16.7.5.2.15 
Isolators and grounding 16.7.5.2.16 16.7.5.2.16 
switches 
Shutters 16.7.5.2.17 
Switchgear disconnects 16.7.5.2.18 16.7.5.2.18 
Bus bar and bus bar 16.7.5.2.19 
compartments 
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Table 16-3—Maintenance operations for oil switchgear (Continued) 


Routine maintenance 
Maintenance Premaintenance Post-fault 
operation requirements : Examination maintenance 
Inspection 
and overhaul 


Weather shields 16.7.5.2.20 


High-voltage fuse 16.7.8 
connections and 
associated linkage 


Final verification 16.7.5.2.21 16.7.5.2.21 16.7.5.2.21 


Auxiliary equipment 16.12 16.12 


®The numbers quoted in the columns refer to the appropriate clause numbers in this recommended 
practice. 


16.9 Maintenance of vacuum circuit breaker switchgear 
16.9.1 Application of section 


The guidance in 16.7 applies to the maintenance of vacuum circuit breaker switchgear with 
the additions and modifications given in 16.9.2 through 16.9.5. 


16.9.2 General 


Because of the sealed nature of the vacuum interrupter itself, carrying out any preventive or 
corrective maintenance on it is not possible. Certain tests can, however, be carried out to 
obtain information on the condition of the interrupter; and correct maintenance of the associ- 
ated mechanism and components ensures that the life of the interrupter is not unduly affected 
by external factors. 


16.9.3 Frequency of maintenance 


The guidance in 16.5 applies to the frequency of maintenance for vacuum circuit breaker 
switchgear with the following addition: When determining the frequency of maintenance, 
consider the results of comprehensive diagnostic testing (see 16.7.3) and the record of the 
number of operations and current levels interrupted. 


In addition, verify that operational checks are performed at regular intervals irrespective of 
service history. 


NOTE—The interval that can be allowed between consecutive overhauls of vacuum circuit breaker 
switchgear depends upon the circuits controlled (e.g., load current, available fault duty) and the history 
and performance of individual designs of equipment. 
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16.9.4 Routine maintenance, examination, and overhaul 


The guidance in 16.7.5 applies to the routine maintenance of vacuum circuit breaker switch- 
gear with the additions and modifications for examinations and overhauls given in 16.9.4.1 
through 16.9.4.4. 


16.9.4.1 Opening device (or trip) 


Immediately prior to commencing work, verify that the circuit breaker is opened by the elec- 
trically operated opening release coils, if fitted, or by the manual operation of the trip plunger. 


When maintenance opening or closing devices are in use, verify that the manufacturer’s 
advice on the operation of the circuit breaker is closely followed. 


NOTE— Verify that care is taken to ensure that all stored energy devices are discharged or rendered 
inoperative. 


16.9.4.2 Equipment enclosures 
Refer to 16.6.4.2.4. 


16.9.4.3 Mechanisms 


The guidance in 16.7.5.2.7 applies to the examination and overhaul of mechanisms with the 
following additions: 


a) Examination and testing. Verify that the main mechanism is examined and the setting 
dimensions verified. Malfunction is usually revealed by diagnostic tests and discrep- 
ancies in the setting dimensions. 


b) Correct damping. Verify the correct damping of vacuum circuit breakers to minimize 
bounce on closing and to ensure that rebound on opening is not excessive. 


16.9.4.4 Vacuum interrupter 
Verify that contact erosion is checked as recommended by the manufacturer. (See 16.9.2.) 


NOTE — Verify that to check contact force, the manufacturer’s recommendation is followed. Verify that 
the integrity of the vacuum is checked by a high-voltage ac withstand test (e.g., high-potential test 
across the open contact). However, consult the manufacturer for suitable test voltage levels as 
precautions may be necessary to ensure that the levels of X-radiation possibly emitted during these tests 
are within safe limits. 


Where more than one interrupter per pole exists, verify that the inter-interrupter-operating 
mechanism is inspected for synchronized operation. Verify that this mechanism does not 
slack or allow bounce of the contacts on opening. 
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16.9.5 Post-fault maintenance 


Vacuum circuit breaker switchgear ordinarily is capable of performing its rated operating 
duty at the rated voltage level before examination or minor overhaul is necessary. However, 
following fault operation, a good practice is to inspect a circuit breaker at the earliest conve- 
nient opportunity. 


Verify that the following items are examined and, depending on the results of the examination 
or the manufacturer’s recommendations, overhauled: 


— Insulation (see 16.7.5.2.3) 

— Isolating contacts (see 16.7.5.2.5) 

— Vacuum interrupter (see 16.9.4.4) 

— Isolating and grounding switches (see 16.7.5.2.16) 
— Mechanisms (see 16.9.4.3) 


Verify that, after examination and any overhaul, the circuit breaker is subjected to an opera- 
tional check (see 16.7.4) and to any other relevant diagnostic tests. 


16.9.6 Summary of maintenance operations 
The maintenance operations recommended for vacuum circuit breaker switchgear are 


summarized in Table 16-4. A reference to a clause number in the columns indicates the 
appropriate maintenance operation. 


Table 16-4— Maintenance operations for vacuum circuit breaker 
switchgear 


Routine maintenance 
Maintenance Premaintenance Post-fault 


operation requirements Examination maintenance 


Taspection: and overhaul 


Safety of personnel 16.7.1.1 

Equipment to be 16.7.1.2 

rendered inoperative 

Diagnostic testing 16.7.3 16.7.3 
Operational check 16.7.4 16.7.4 16.7.4 
General inspection 16.7.5.1.1 16.7.5.1.1 

Cleaning 16.7.5.2.2 16.7.5.2.2 
Opening device (trip) 16.944 16.9.4.1 16.9.4.1 

Insulation 16.7.5.2.3 16.7.5.2.3 16.7.6 
Enclosures 16.9.4.2 
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Table 16-4—Maintenance operations for vacuum circuit breaker 
switchgear (Continued) 


Routine maintenance 
Maintenance Premaintenance Post-fault 
operation requirements : Examination maintenance 
Inspection 
and overhaul 


Connections 16.7.5.2.13 


Secondary wiring and 16.7.5.2.14 
fuses 


Mechanisms 16.9.4.3 


Auxiliary switches 16.7.5.2.8 


Indicating devices and 16.7.5.2.8 
interlocks 


Isolating contacts 


Shutters 16.7.5.2.17 


Switchgear disconnects 16.7.5.2.18 16.7.5.2.18 


Vacuum interrupter 16.9.4.4 16.9.4.4 


Isolators and grounding 16.7.5.2.16 16.7.5.2.16 
switches 


Overload devices and 16.13 
protective relays 


Instruments and 16.12 and 16.13 
protective transformers 


Control relays or 16.7.5.2.12 
contactors 


Bus bars and bus bar 16.7.5.2.19 
enclosures 


Final verification 16.7.5.2.21 16.7.5.2.21 16.7.5.2.21 


Auxiliary equipment 16.12 16.12 


®The numbers quoted in the columns refer to the appropriate clause numbers in this recommended 
practice. 


678 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
MAINTENANCE, TESTING, AND CALIBRATION Std 242-2001 


16.10 Maintenance of sulfur hexafluoride (SF¢) circuit breaker and 
load-interrupter switchgear 


16.10.1 Application of section 


The guidance in 16.7 applies to the maintenance of SF, circuit breaker and load-interrupter 
switchgear with the additions and modifications given in 16.10.2 through 16.10.6. 


16.10.2 Special considerations arising from use of SF, 
16.10.2.1 Properties of SF, 


SFe in its pure state is a colorless, odorless, tasteless, nontoxic gas, which is heavier than air 
and has good dielectric and arc-extinguishing properties. It may be used for both main insula- 
tion and arc-extinguishing. 


16.10.2.2 Switchgear 


In general for medium-voltage equipment, SF¢ is used in a sealed tank (for load-interrupter 
switches) or in three sealed interrupter poles for circuit breakers. 


16.10.2.3 Reserved 
16.10.2.4 Warnings to personnel 


All personnel entering a substation containing SF, equipment should be acquainted with the 
following: 


a) SF is about five times as dense as air. The potential hazard is that equipment, 


trenches and similar enclosed spaces may remain full of the gas. Therefore, the 
following warning should be heeded: 


WARNING 


Although uncontaminated SF¢ is nontoxic, it will not support life. Unprotected personnel 


entering an SF¢-filled enclosure, trench, etc., will be asphyxiated. Personnel shall be made aware 
of this danger, and equipment shall be adequately ventilated. If the presence of SF¢ is suspected, 
determine that presence and the concentration of SF¢ by the use of an SF¢ detector. 


b) Although uncontaminated SF¢ is nontoxic, some of the gaseous impurities produced 
by electrical breakdowns (e.g., arcing in the gas) are toxic if inhaled in sufficient 
quantity. The solid fluoride powders, also produced by breakdown, may produce skin 
irritation. The presence of breakdown products is indicated by a pungent or 
unpleasant odor. These warning signs occur within seconds. If a pungent or 
unpleasant odor appears, personnel should quickly get into fresh air. 
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16.10.3 Operational checks 


Perform operational checks of the SF, by observing the gas pressure gauge to monitor the 
pressure. The gas pressure gauge may also be equipped with alarm contacts or a solenoid to 
prevent operation at reduced pressures. Leak detectors may also be installed that are sensitive 
to SFe. 


16.10.4 Frequency of maintenance 


The guidance in 16.7.2 applies to the frequency of maintenance for SF¢ circuit breaker and 
load-interrupter switchgear with the addition of the following factors: 


a) To determine the frequency of maintenance, consider the results of comprehensive 
diagnostic techniques (see 16.7.3) and the record of the number of operations and 
values of current interrupted. 


b) In addition, verify that operational checks are performed at regular intervals irrespec- 
tive of service history. 


c) For all SF, equipment, whatever its class of duty, verify that inspections occur at 
intervals not exceeding 1 y in order to determine whether any further maintenance is 
necessary and or gas is leaking. 


d) Reserved. 


e) The interval that can be allowed between overhauls depends upon the operating con- 
ditions of the circuits controlled and the history and performance of individual 
designs of equipment. 


16.10.5 Routine maintenance 

The guidance in 16.7.5 applies to the routine maintenance of SF¢ circuit breaker and load- 
interrupter switchgear with the addition that all testing and maintenance should be referred to 
the manufacturer’s authorized service personnel. 

16.10.6 Post-fault maintenance 

The SF, equipment is normally capable of performing its rated operating duty at the rated 
voltage level before examination or minor overhaul is necessary. However, following fault 
operation, a good practice is to inspect a circuit breaker at the earliest convenient opportunity. 
Verify that the following items are examined by the manufacturer’s authorized service 
personnel and, depending on the results of the examination or the manufacturer’s 


recommendation, overhauled: 


— Insulation 
— _ Interrupters 


The mechanism should be examined also. 
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After examination and any overhaul, the circuit breaker should be subjected to an operational 
check and any other relevant diagnostic tests by the manufacturer’s authorized service 


personnel. 


16.10.7 Summary of maintenance operations 


The maintenance operations recommended for SF¢ circuit breaker and load-interrupter 
switchgear are summarized in Table 16-5. A reference to a clause number in the columns 
indicates the appropriate maintenance operation. 


Table 16-5 —Maintenance operations for SF, circuit breaker 
switchgear 


Routine maintenance 


Maintenance Premaintenance Post-fault 
operation requirements . Examination maintenance 
Inspection 
and overhaul 
Safety of personnel 16.10.2 and 
16.10.3 
Equipment to be 16.7.1.2 and 
rendered inoperative 16.10.5 
Diagnostic testing 
Operational check 16.10.3 16.7.4 16.7.5 
General inspection 16.10.5 16.7.5.1.1 
Cleaning 
Opening device 7 7 
Enclosures 16.7.5.2.4 
SF¢ gas : p LY 
Insulation 
Local control panels B Pp 
Pressure gauges o 
Pressure switches 
Connections 16.7.5.2.13 
Secondary wiring and 16.7.5.2.14 
fuses 
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Table 16-5—Maintenance operations for SFg circuit breaker 
switchgear (Continued) 


Routine maintenance 
Maintenance Premaintenance Post-fault 
operation requirements Z Examination maintenance 
Inspection 
and overhaul 


Interpole linkages 


Mechanisms 


Auxiliary switches 16.7.5.2.8 


Indicating devices and 16.7.5.2.8 
interlocks 


Interrupters 


Isolators and grounding 16.7.5.2.16 16.7.5.2.16 
switches 


Overload devices and 16.13 16.13 
protective relays 


Instrument and 16.12 and 16.13 
protective transformers 


Control relays or 16.7.5.2.12 
contactors 


Bus bars and bus bar 16.7.5.2.19 
compartments 


Final verification 


Auxiliary equipment 


®The numbers quoted in the columns refer to the appropriate clause numbers in this recommended 
practice. 


Refer testing and maintenance to manufacturers’ authorized service personnel. 


16.11 Diagnostic testing 
16.11.1 General 


Where practicable, verify that the maximum use is made of diagnostic testing techniques to 
indicate the condition of the equipment and to prolong the intervals between dismantling. 


Records of all diagnostic tests should be kept so that comparisons can be made and trends 
estimated; lists alone (e.g., checklists), which indicate only that measurements have been 
taken, are not sufficient. 
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By comparison with previous similar tests, diagnostic tests provide guidance to possible dete- 
rioration and may indicate a need to vary maintenance intervals under particular service 
conditions. 


Commonly used diagnostic tests are briefly described in 16.11.2 through 16.11.4, and 
Table 16-6 indicates the applicability of the tests to the various types of switchgear. 


16.11.2 Diagnostic tests for correct operation 
16.11.2.1 Time-travel test 


The time-travel test provides a record of moving contact travel with respect to time during 
opening and closing operations on certain circuit breakers. 


16.11.2.2 Timing test 


Timing tests are generally carried out using multichannel apparatus. Sequence tests (e.g., 
close, open, and close-and-open operations) should be performed, and the time from 
initiation (i.e., energization of coils) to the operation of the contacts should be recorded. 


Consider timing of auxiliary switches. 


Verify that the timing tests are arranged so that the number of operations given to the circuit 
breaker is kept to a minimum, consistent with the number of timing channels available and 
the information required from a particular test. Comparisons between poles are important. 
Verify that tolerances, where specified by the manufacturer, are strictly followed. 


Verify that sequence timing tests are performed at 100% of the rated voltage of operating 
coils or at the specified minimum operating voltage. 


16.11.2.3 Operating voltages 


The measurement of minimum operating voltages of both closing and tripping functions or 
operations at specified percentages of normal operating voltages, as given in the relevant 
equipment standard, is recommended. Sluggish operation at reduced voltage may give an 
early indication of mechanism deterioration. 


NOTE-— Verify that the magnitude of the minimum supply voltage is measured with current flowing, at 
the terminals of the operating mechanism, as stated in Table 9 of ANSI C37.06 and Table 23 of 
ANSI C37.16. 


Performing operating voltage tests in conjunction with time-travel or timing tests is 
recommended. 


Copyright © 2001 IEEE. All rights reserved. 683 


IEEE 


Std 242-2001 


Operation 


CHAPTER 16 


Table 16-6—Applicability of diagnostic tests® 


Switchgear 
up to 
1000 V ac 
and 
1200 V de 


3 
Air circuit 
breakers 
intended for 
operation at 
voltages above 
1000 V ac and 
1200 V de 


Oil 
switchgear 


Reserved 


Vacuum 
circuit 
breaker 
switchgear 


Sulfur 
hexafluoride 
circuit 
breaker 
switchgear 


Time-travel 
test 


16.11.2.1 


16.11.2.1 


16.11.2.2 


Time test 


16.11.2.2 


16.11.2.2 


Operating 
voltages 


16.11.2.3 


16.11.2.3 


16.11.2.3 


16.11.2.3 


Reserved 


Reserved 


Reserved 


Contacts and 
connections 


16.11.3.1 


16.11.3.1 


16.11.3.1 


16.11.3.1 


16.11.3.1 


Resistance 
tests 


Infrared 
detection 


16.11.3.2 
(as applicable) 


Insulation 


High- 
potential 
tests 


Insulation 
resistance 


16.11.4.1 


16.11.4.1 


16.11.4.1 


16.11.4.1 


16.11.4.1 


Dielectric 


16.11.4.3 (as 
applicable) 


Reserved 


Air quality 


Vacuum 
integrity 


16.11.4.6 


*A reference to the clause number in Column 2 through Column 7 indicates that this test is appropriate. 
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16.11.2.4 Reserved 

16.11.2.5 Reserved 

16.11.2.6 Reserved 

16.11.3 Diagnostic tests for contacts and connections 

16.11.3.1 Resistance tests of circuit breakers 

Verify that millivolt drop or resistance tests are performed, where possible, across each 
complete pole and across individual series-connected components to detect any deterioration 


in contacts and connections (see NFPA 70B-1998). 


For larger circuit breakers, a dc of no less than 100 A is recommended for low-resistance 
measurements. 


Verify that these values are recorded and compared with measurements taken during the man- 
ufacturer’s production tests. 


16.11.3.2 Infrared detection: outdoor substations 


The temperatures of exposed contacts and connections can be determined by instruments 
using noncontact detection techniques (see NFPA 70B-1998). 


These instruments are particularly useful for scanning contacts and connections in outdoor 
substations, without de-energization, and for detecting excessive temperature rise due to arc- 
ing or deterioration of the contacts and connections. When possible, these tests are performed 
with high levels of current. 

16.11.4 Diagnostic tests for insulation 

Insulation tests can give useful information provided that they are carefully performed. 
Nonorganic insulation is not generally subject to degradation, but in some cases the internal 


surfaces may become contaminated. The tests are particularly useful for organic insulation. 


Where these tests are performed, records should be kept so that changes and trends can be 
established. (See also 16.14.) 


16.11.4.1 High-potential tests and insulation-resistance tests 
16.11.4.1.1 Determination 
The quality of the insulation can be determined by measuring the insulation resistance 


(except for in-air insulated equipment), and the leakage current between all live parts and 
ground can be determined by use of suitable test equipment. 
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The high-potential test for measuring the insulation strength, also called the dielectric voltage 
withstand test, is used for higher voltage insulation systems. The ac high-potential test 
subjects the insulation to the type of ac heat-conductive stress the switchgear is required to 
withstand in service. Where ac high-potential test equipment is unavailable, ANSI values of 
equivalent dc test voltages may be used. 


WARNING 


Do not conduct dc high-potential tests on switchgear unless the manufacturer approves and then 
only with great care. Failure to consult with the manufacturer may result in severe personal 
injury or death and in substantial damage to the apparatus. 


The dielectric voltage withstand test determines the ability of the insulating materials and 
spacings used to withstand overvoltage without flashover or breakdown under specified 
conditions. Dielectric test sets have a separate ammeter and voltmeter. The higher potential 
voltage applied across the insulation produces a leakage current. Leakage current is plotted 
against applied test voltage to indicate the condition of the primary insulation system. 


The dc insulation-resistance test performed with a megohmmeter indicates low-voltage 
withstandability. 


Due to numerous parallel paths in complex apparatus, an insulation-resistance test performed 
with a megohmmeter is not a reliable indicator of high-voltage insulation quality. 


16.11.4.1.2 Applied voltages for insulation-resistance tests (except for in-air 
insulated equipment) 


16.11.4.1.2.1 Testing 


The applied voltage for the insulation-resistance test is measured by applying a dc at one of 
the following voltages: 


a) As specified by the manufacturer, or 


b) Where the rated voltage of the equipment does not exceed 250 V between conductors 
and ground: 500 V, or 


c)  Inother cases: 1000 V 


Insulation-resistance tests are recommended to be done prior to energizing motor control 
centers (MCCs), switchboards, panelboards, and switchgear. 


Insulation-resistance tests should also be performed as follows: 


— For MCCs, panelboards, and switchboards 
— Ifa severe short-circuit has occurred inside the equipment 
— If parts have been replaced or insulating surfaces have been cleaned 
— If the equipment has been exposed to high humidity, condensation, or dripping 
moisture 
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CAUTION 


Disconnect voltage transformers (VTs) for the testing. Short current transformer 


(CTs) secondaries. CT secondaries are not to be opened while the primary is 
energized until the secondary has been shorted, either at the switch or elsewhere in the 
secondary circuit. 


— For switchgear 
— Before conducting any high-potential test 
— _ After conducting any high-potential test 


16.11.4.1.2.2 Insulation analysis 


When a dc test voltage is applied to a typical insulation system, three types of current flow 
exist: 


— The capacitance or charging current 
— The absorption current 
— The conduction or leakage current 


The charging current is large at first and decays over time as the insulation is charged to the 
test voltage. 


The absorption current also decays over time and is caused by polarizations within the insula- 
tion system. 


The leakage current, which flows through the insulation and over the surface, is generally the 
value sought when measuring insulation resistance. 


Conventional insulation testers measure the algebraic sum of all these currents and indicate 
megohms derived from the applied test voltage divided by the current flow. This apparent 
insulation resistance changes slowly with time. Measurement of the true insulation resistance 
occurs only when the reading eventually stabilizes. By then, the absorption and charging cur- 
rents have decayed to zero, and only the leakage current is being measured. 


To compensate for this time dependence, several testing techniques have been developed over 
the years to estimate true insulation resistance. These techniques are subject to interpretation 


and provide only an approximation of true insulation resistance. 


High-range (megohm) insulation-resistance analyzers with microprocessor control calculate 
true insulation resistance after a 10 min test period. 


The insulation testing techniques include the following: 
a) Short-time or spot-reading test. The 60s (recommended) or 30s test period of a 


short-time or spot-reading test provides a point on the curve of resistance versus time. 
“For many years one megohm has been widely used as a fair allowable lower limit 
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b) 


d) 


e) 


for insulation resistance of ordinary industrial electrical equipment rated up to 
1000 V. For equipment rated above 1000 V the one megohm rule is usually stated as 
a minimum of one megohm per thousand volts” (see AVO Biddle Instruments 
Bulletin 21-P8b [B9]). Consult with the equipment manufacturer for “the minimum 
values of insulation resistance that are based on the kind of insulating material used 
and the electrical and physical dimensions of the types of equipment under consider- 
ation” (see AVO Biddle Instruments Bulletin 21-P8b [B9]). 


Time-resistance method. The time-resistance test (also known as an absorption test) is 
a 1 min to 5 min or 10 min (recommended) period where resistances are recorded at 
specific intervals. Good insulation is indicated by a continual increase in resistance. 


Dielectric absorption ratio. The ratio of two time-resistance measurements (e.g., a 
60 s value divided by the 30 s value) is known as the dielectric absorption ratio. 


Polarization index. The specific ratio of two time-resistance measurements (i.e., the 
10 min value divided by the 1 min value) is known as the polarization index. 


Step-voltage method. The step-voltage method uses a multivoltage megohm meter to 
apply two or more voltages in steps (e.g., 500 V dc, then 1000 V dc; in 500 V incre- 
ments to 2500 V dc, depending upon the equipment voltage rating). Good insulation 
is indicated by relatively constant or upward sloping curves of resistance as opposed 
to a sharp decline. The duration of the applied voltage at each step is 60 s. 


16.11.4.1.3 Applied voltages for switchgear high-potential tests 


16.11.4.1.3.1 General 


The voltage that should be applied to primary insulation when making high-potential 
insulation-resistance tests varies according to the voltage rating of the switchgear. Table 16-7 
provides a guide to test voltages. The insulation resistance of small wiring and ancillary com- 
ponents should be tested at a dc voltage not exceeding 500 V. 


CAUTION 


The insulation level rating of ac switchboards, panelboards, and MCCs having a given voltage 


rating is twice the rated voltage plus 1000 V. The NEC standards have no provision for high- 
potential field testing of these types of equipment; therefore, it is not recommended 
(see NEMA PB 2.1-1996 [B64]). 


DC tests are usually preferred over ac tests for making qualitative tests of insulation systems 
because the dc is a measure of the conduction or leakage current whereas an ac includes 
charging current and leakage current. DC dielectric tests also reveal incipient damage and 
surface corona discharges. 


NOTE—Certain types of equipment (e.g., equipment incorporating semiconductors) may not be 
suitable for this test, and verification is required that this equipment is isolated. 
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16.11.4.1.3.2 Field dielectric tests 

“When low-frequency withstand tests are to be made on switchgear after installation in the 
field, the switchgear shall not be tested at greater than 75% of the (design) test values,” given 
in Table 16-7, according to the IEEE switchgear standards cited in the table. 


NOTE —Field tests are recommended when new units are added to the existing installation or after 
major field modifications. Verify that the equipment is put in good condition prior to the field test. 
Equipment should not be subjected to these tests after it has been stored for long periods of time or has 
accumulated a large amount of dust, dirt, moisture, or other contaminants without first being restored to 
good condition. 


If the equipment must be subjected to a high-potential test after maintenance, verify that con- 
sideration is given to performing tests at voltage levels below the levels specified for site 
commissioning tests. 

16.11.4.2 Reserved 

16.11.4.3 Precaution 


Verify that voltage and control power transformers are disconnected prior to performing 
dielectric testing on the electrical equipment. 


16.11.4.4 Reserved 
16.11.4.5 Reserved 
16.11.4.6 Vacuum integrity check 


Refer to 16.9.4.4. 


16.12 Maintenance of auxiliary items 
16.12.1 Equipment for tripping and closing current supply 


The equipment for the supply of current for tripping and closing gear should be kept in good 
condition. 


16.12.2 General precautions for battery installations 
16.12.2.1 Precautions to be taken in battery charging areas 


As hydrogen is produced during battery charging, verify that smoking or the use of open 
flames is prohibited at all times in the immediate vicinity of battery installations. 


Verify that precautions are also be taken to avoid causing sparks near the battery. 
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Table 16-7—AC voltage and insulation levels 


R Insulation levels (kV), Dc withstand test 
ated low frequency withstand (reference*) 


Type of switchgear reine (rms) (kV) 


(kV) 


Design test Field test Design test Field test 


Metal-enclosed low- 
voltage 

(IEEE Std C37.20.1- 
1993) 


Metal-clad and 
metal-enclosed 
interrupter 

(IEEE Std C37.20.2- 
1999) 


Station-type cubicle 
(IEEE Std C37.20.3- 
2001) 


*The column titled “DC withstand test” is given as a reference only when using dc tests to verify 
the integrity of connected cable installations without disconnecting the cables from the switchgear. 
It represents values believed to be appropriate and approximately equivalent to the corresponding 
power frequency withstand test values specified for each voltage rating of switchgear. The presence 
of this column in no way implies any requirement for a dc withstand test on ac equipment or that a 
dc withstand test represents an acceptable alternative to the low-frequency withstand tests specified 
in this recommended practice for design tests, production tests, conformance tests, or field tests. 
When making dc tests, the voltage should be raised to the test value in discrete steps and held for a 
period of 1 min (see IEEE Std C37.20.2-1999 and IEEE Std C37.20.3-1987). 


Because of the variable voltage distribution encountered when making dc withstand tests, the 
manufacturer should be contacted for recommendations before applying dc withstand tests to the 
switchgear. VTs above 34.5 kV should be disconnected when testing with dc. (See IEEE 
Std C57.130-1978, Clause 8 and, in particular, 8.8.2, which reads “Periodic kenotron tests should 
not be applied to transformers of higher than 34.5 kV voltage rating.” See also IEEE Std C37.20.2- 
1999 and IEEE Std C37.20.3-1987.) 


Verify that adequate notices or warning signs are displayed in areas where hydrogen is 
produced. 
16.12.2.2 Handling of electrolyte 


When electrolyte is handled, verify that protective clothing and footwear are worn and 
special care is taken to avoid spillage on to the skin. 


Where chemical burns are sustained, verify that the affected area is washed immediately with 
a copious supply of clean water and medical attention sought (see 16.3.3). 
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16.12.2.3 Mixing or contamination of electrolytes 


Verify that separate battery instruments or tools are kept for lead-acid or alkaline batteries 
because any mixture with or contamination by an incorrect electrolyte may damage a battery. 


16.12.3 Secondary cell batteries 
16.12.3.1 General 
16.12.3.1.1 Application 


Secondary cell batteries (e.g., wet cells, gel cells, nickel-cadmium cells) may be used for sup- 
plying protection, control, and instrument circuits and may also supply indicator lights and 
provide emergency lighting. 


16.12.3.1.2 Battery condition 


Verify that secondary cell batteries are kept in a satisfactory state of charge and the condition 
and level of electrolyte regularly examined. 


16.12.3.1.3 Indicator of battery condition 


Where batteries are used solely for tripping, verify that they are provided with instrumenta- 
tion so that a simple switching operation can reveal the state of the battery. Verify that the 
instrument includes a danger mark to indicate the critical condition. 


16.12.3.1.4 Verification of correct operation of charging equipment 


Verify regularly the correct operation of any continuously operating trickle-charging or con- 
stant voltage charging equipment (see NEMA PE 5-1985). 


16.12.3.1.5 Periodic charge and discharge 


Where periodic charge and discharge take place, particular attention is needed to guard 
against unusual drainage of the battery or overload of the charger. 


16.12.3.1.6 Avoidance of damage to electronic equipment during boost 
charging and equalize charging 


Care should be taken during boost charging and equalize charging to ensure that the terminal 
voltage does not cause damage to electronic equipment in the circuit. In this respect, it may 
be necessary to disconnect such equipment or alternatively to arrange for a circuit using 
diodes to suppress voltage at the load while applying boost voltage or equalize charging to 
the cells. 
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16.12.3.2 Routine maintenance 


Verify that the following maintenance is performed on a routine basis (see IEEE Std 450- 
1995, IEEE Std 1106-1995, and IEEE Std 1188-1996): 


a) Battery cells, where practicable, are inspected for shedding of active material, 
sedimentation, and buckling of the plates. 


b) Cell voltage is measured while under charge. 


c) Electrolyte specific gravity is measured. 
NOTE—For alkaline cells, the specific gravity does not indicate the degree of charge. 


d) The electrolyte level is inspected and, where necessary, topped up accurately to the 
correct level with distilled water. 


e) The terminal posts are inspected for corrosion and tightness of the connections and, 
after cleaning as necessary, lightly greased with corrosion inhibitor. 


f) The internal ohmic values of each cell or battery and the resistance of each intercell 
strap are measured. 


16.12.3.3 Electrolyte condition 

16.12.3.3.1 General 

In all cases, the recommendations of the battery manufacturer are to be closely followed. 
16.12.3.3.2 Stratification of the electrolyte 


Under trickle-charging conditions, stratification of the electrolyte can occur. Therefore, at 
intervals not greater than 2 y or following a significant degree of topping up, the battery 
should be charged at a high rate for a short time after topping up, particularly where batteries 
are used for closing. Where trickle charging is performed, the battery should be given a peri- 
odic charge-discharge cycle or a boost charge. 


16.12.3.4 Lead-acid batteries 


For lead-acid batteries, special care should be taken to avoid unnecessary gassing charges as 
this tends to cause scaling and shedding of active materials and buckling of the plates. The 
life and reliability of a battery can be considerably reduced by incorrect rates and too frequent 
boost charging or equalize charging. 


16.12.3.4.1 Valve-regulated lead-acid batteries 
Valve-regulated lead-acid batteries can be surveyed on line by making an impedance test on 
each battery or cell and making a measurement of the resistance of each intercell connection 


to determine the cells or straps that need further attention by a load test or additional mainte- 
nance on the strap connection. 
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16.12.3.5 Alkaline batteries 


A discharge test is the only reliable method of checking the condition and capacity of alkaline 
batteries. Verify that such tests are performed every 4y to 8 y. Several discharge-charge 
cycles may be required to restore an optimum capacity. 


16.12.4 Primary cell batteries 


Where batteries of primary cells (i.e., nonrechargeable cells) are used in place of secondary 
cell batteries for tripping circuits, verify that they are provided with a test instrument that 
readily indicates their condition. The maintenance of this type of cell is a simple inspection 
with replacement as required. 


16.12.5 Reserved 
16.12.6 CTs 
16.12.6.1 Precautions 


Before examination, verify that CTs are proved to be de-energized or dead or to be isolated 
and discharged to ground (or shorted-out). Dangerous voltage may result if the secondary cir- 
cuit of a CT is opened with the primary circuit on load. Verify that any connection removed to 
carry out these or other tests is correctly replaced and securely tightened (see IEEE Std C57- 
13-1993). 


16.12.6.2 CTs that are accessible 


Where CTs are accessible, maintenance attention consists of a general inspection and 
verification that all main and secondary connections are tight. 


Verify that all exposed insulation is cleaned and examined thoroughly for any damage, such 
as cracks and tracking marks. 


16.12.6.3 Reserved 
16.12.6.4 Reserved 
16.12.6.5 CTs enclosed in metal-clad gear or otherwise inaccessible 


CTs enclosed in metal-clad gear or otherwise inaccessible are usually safe against mechani- 
cal damage, and only electrical testing can determine whether they are in good order. An 
insulation-resistance and continuity test of the secondary winding is regarded as an essential 
minimum. 
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16.12.7 VTs 
16.12.7.1 Precautions 


Before examination, verify that VTs are be proved to be de-energized or dead or to be iso- 
lated and discharged to ground. Particular care should always be taken to ensure that a VT is 
not liable to be made live inadvertently due to a feedback via the secondary side (see Dec. 
1987 NIOSH Alert!). 


16.12.7.2 Maintenance, inspection, and verification 


Maintenance as described in 16.12.6 for CTs is appropriate to VTs. In addition, verify that the 
isolating contacts of drawout VTs are cleaned, inspected for damage, and reconditioned as 
necessary. A film of contact lubricant should then be sparingly applied. Verify the correct 
operation of any safety shutters. Inspect and replace any blown fuses. 


16.12.8 Equipment-grounding connections 
Verify that all exposed grounding connections are inspected for signs of mechanical damage 
or corrosion. Perform a visual check of equipment grounds, including fence grounds on out- 


door substations. Perform a ground resistance check to determine that the specified value of 
low resistance system ground is maintained. 


16.12.9 Other auxiliary devices 

16.12.9.1 Lifting devices 

Verify that the maintenance of lifting devices is performed at regular intervals. In some types 
of switchgear, these devices form an integral part of the equipment and need to be dealt with 
during the maintenance of the equipment. Some lifting devices are portable and require sepa- 
rate maintenance. The manufacturer’s recommendations should be sought and followed. 


16.12.9.2 Oil handling plant 


To ensure satisfactory service, the utmost care in handling the oil is essential. For oil han- 
dling, a good practice is to have a clean oil system and a dirty oil system, both of which are 
clearly marked. 


Verify that where portable oil-handling equipment is used, the pipe work and pumps are care- 
fully inspected to ensure that they are free from dirt and water and that they are carefully 
flushed with clean oil before use. 


16.12.10 Replacement parts 


Verify that an adequate supply of suitable replacement parts is available and that the parts are 
properly stored. 
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16.13 Maintenance of protective apparatus 
16.13.1 General 


When commissioning tests on protective apparatus are being performed, verify that detailed 
records of the results are made to provide a reference for comparison with future routine or 
post-fault tests. Verify that up-to-date records of fuses and fuse-link ratings and the correct 
settings of all protective relays are also maintained and that care is taken to restore the 
settings to their correct value if they are altered during tests. In addition to these records it is 
sometimes helpful to have the settings recorded in or on the relay case. 


16.13.2 Removal of dust 


Dust should be wiped or vacuumed from relay covers before the covers are removed, and 
these covers should be replaced securely to exclude dust. 


16.13.3 Connections 
If disturbing any connections or making temporary connections is necessary for testing, ver- 


ify that these connections are correctly restored before the circuit breaker is returned to 
service. 


WARNING 


CT secondary circuits should never be open-circuited when the main circuit is energized. 
Extremely high and hazardous voltages may occur under open-circuit conditions. 


16.13.4 Routine tripping tests 


To avoid damage to the relay mechanism and contacts, the greatest care should be taken when 
carrying out routine tripping tests on circuit breakers by manipulation of the relay. 


16.13.5 Protective apparatus incorporating semiconductors 

When protective apparatus incorporating semiconductors or similar components is being 
voltage-tested, care should be taken that the test voltage level does not damage these 
components. 

16.13.6 Injection tests 

16.13.6.1 Primary injection 

Testing by primary injection or by injection into test windings (if provided on the CT) is pre- 
ferred, when conditions permit, over secondary injection, which may, however, be used for 


routine tests. Secondary injection testing at regular intervals is, however, of much greater 
value than primary injection tests carried out infrequently. 
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16.13.6.2 Secondary injection 


Verify that secondary injection tests are performed using current injection devices suitable for 
the particular relay concerned or by test blocks forming part of the switchgear. The discon- 
nection of small wiring in order to carry out tests is not recommended. 


16.13.7 Relays 


Verify that tests are made on protective relays to check the operating and re-setting times or 
pick-up and drop-out values as applicable. 


Special test techniques may be required for static or electronic relays. Therefore, verify that 
the manufacturer’s instructions are consulted. 


Solid-state or electronic (e.g., integrated circuit, microprocessor) relays, with minimal num- 
bers of moving parts, normally require no adjustments or other maintenance in the usual 
sense as, for example, checking contact wipe or clutch pressure. 


Periodic tests are necessary to confirm proper operation. 

Field testing may introduce many variables or errors due to various factors (e.g., 
nonsinusoidal wave shapes, waveform distortion, power source regulation, metering 
accuracy), which could prevent an accurate check of the system performance or calibration 


unless the test personnel are thoroughly familiar with proper techniques. 


Field functional testing may consist of Go/No-Go testing to determine whether the devices 
are furnishing the protection for which they were installed. 


CAUTION 


Maintenance or functional testing may mean working with energized equipment, and care is 
required to avoid electric shock. Verify that only competent technicians familiar with good safety 
practices use these devices. 


16.14 Maintenance and testing of insulation 

16.14.1 General 

Verify that the insulation of electrical switchgear is tested and the results recorded before the 
equipment is commissioned. During the life of electrical equipment, insulation-resistance 
testing gives a good indication of the condition of the equipment. If these tests are recorded, 


they can help in deciding maintenance requirements for the whole equipment (see [EEE 
Std 4-1995, IEEE Std 62-1995, and IEEE Std 957-1995). 


Adequate precautions should be taken, and an access permit procedure should be used. 
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16.14.2 Routine testing and inspection 
16.14.2.1 Materials susceptible to deterioration 


Insulation (e.g., synthetic resin bonded paper or fabric, impregnated or laminated wood) is 
particularly susceptible to the entrance of moisture, overheating, or tracking; and particular 
attention should be given to these materials. 


16.14.2.2 Systematic testing and recording methods 


Insulation-resistance measurements between poles and between poles and ground are the 
most suitable for routine tests; but, to facilitate their proper interpretation, systematic testing 
and recording methods are essential. Resistance tests are strictly comparative in that, for each 
item tested, a rejection value can only be fixed on the basis of experience, by comparison with 
earlier results. For this reason, verify that the test equipment and method used are the same on 
each occasion. 


Test values should be logged on a standard form designed for recording such data. The 
humidity and temperature at the time of the test should also be recorded. In general, a steady 
fall of resistance over a period of time is a more reliable indication of deterioration than a 
relatively low value that remains reasonably constant. 


16.14.2.3 Measurement of insulation power factor or dielectric dissipation 
factor tan delta 


The measurement of the dielectric dissipation factor tan delta is a preferred method of verify- 
ing the quality of insulation when suitable test equipment is available and applicable (see 
IEEE Std 62-1995 and ASTM 10.01). 


16.14.2.4 Lift rods 


On lift rods on some circuit breakers (or on other long pieces of insulation), deterioration 
may not occur uniformly; and resistance measurements taken over the entire length may not 
reveal localized deterioration. 


Verify that particular attention is given to the lift rods of circuit breakers where the rods are 
made of hickory or other natural wood. These inspections include looking for indications that 
the wood has opened along the grain and, where riveting is employed, that the wood has 
pulled out of the riveted end. 


16.14.2.5 Ambient temperature 


Where practicable, verify that the insulation to be tested is allowed to reach ambient tempera- 
ture before resistance tests are made. 
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16.14.3 Reserved 
16.14.4 Reserved 
16.14.5 Laminated insulation 


Laminated insulation may be susceptible to the entrance of moisture, particularly through the 
edges of the laminate. Tracking, which tends to commence at the sharp corners of adjacent 
metalwork and metal fixings, often occurs beneath the surface of the insulation and is indi- 
cated as a surface blister. 


Delamination or cracking of the material may result in mechanical breakdown or may allow 
the entry of moisture or carbon with consequent electrical breakdown. High-voltage 
resistance testing and visual inspection should provide indication of the dielectric quality. 


16.14.6 Porcelain insulation 


Porcelain insulation does not deteriorate, but it may give low resistance readings under humid 
conditions. Careful interpretation of test results is necessary and a thorough visual inspection 
for cracks or other mechanical damage is as important as electrical tests. It is recommended 
that porcelain insulation be cleaned with a suitable industrial solvent to ensure removal of 
conducting films that are not always visible to the naked eye. 


Consideration should be given to the renewal of antipollution grease where appropriate. 


16.14.7 Applied voltages for insulation-resistance tests and for high-potential 
tests 


The applied voltages for insulation-resistance tests and for high-potential tests are given in 
16.11.4.1.2 and 16.11.4.1.3. 


16.14.8 Power frequency withstand tests after maintenance 


Power frequency withstand tests (or high-potential tests) conducted at the manufacturer’s 
plant or on site during initial commissioning are done primarily to test the integrity of high- 
voltage insulation and to ensure no damage to insulation has occurred during assembly, 
transport, or erection of the switchgear. After a number of years in service, some forms of 
insulation may undergo a slow deterioration due to normal working stresses. This 
deterioration is greatly accelerated by the application of high ac stresses, which should be 
avoided when possible. 


If subjecting the equipment to a high-potential test is necessary after maintenance, verify that 
consideration is given to carrying out tests at voltage levels below the levels specified for site 
commissioning tests. 
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16.15 Maintenance of industrial molded-case circuit breakers 
(MCCBs) 

16.15.1 Premaintenance requirements and precautions 

16.15.1.1 Safety of personnel 


To establish safe working conditions for maintenance of industrial MCCBs, the requirements 
given in 16.3 and 16.4 should be followed (see NEMA AB 4-1996). 


16.15.1.2 Equipment to be rendered inoperative 


WARNING 


Hazard of severe electrical shock or burn exists when working in or around electrical equipment. 


Except where noted, inspection and maintenance steps should be made only on circuit breakers 
and equipment that are de-energized, disconnected, and isolated so that no accidental contact can 
be made with live parts. 


16.15.1.3 Manufacturers’ operation and maintenance instructions 


Verify that the circuit breaker manufacturer’s operation and maintenance instructions are read 
in conjunction with this clause. 


16.15.1.4 Accessory parts 

Circuit breakers may use only the manufacturer’s authorized field installable accessories. 
16.15.2 Frequency of maintenance 

Experience shows that MCCBs require maintenance only for verification of environmental 
conditions of the installation and of the enclosure type used for the circumstances. When 
inspections identify an abnormal condition and indicate the possibility of damage, then per- 
forming certain maintenance steps may be necessary. 

16.15.3 Routine inspection 

16.15.3.1 General 

The inspection practices in 16.15.3.2 and 16.15.3.3 are recommended. 

16.15.3.2 Exposed face temperature check 


16.15.3.2.1 Purpose 


The purpose of checking the temperature on the insulated face (or cover) of the circuit 
breaker is to determine whether the temperature is excessive. 
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16.15.3.2.2 Results 


Compare the temperature of individual circuit breakers with the temperature of other breakers 
in the installation. If a circuit breaker is considerably hotter than adjacent circuit breakers, 
investigate the cause. 


16.15.3.3 Inspection of enclosure interior 
16.15.3.3.1 Purpose 


One purpose of inspecting the interior of a circuit breaker’s enclosure is to evaluate the oper- 
ating environment and the apparent condition of the circuit breaker’s molded case. Another 
goal is to verify whether proper conductors have been used and whether any physical indica- 
tion of overheating exists. 


16.15.3.3.2 Results 
An inspection of the circuit breaker should verify the following conditions: 


a) The application is within its marked ratings. 

b) The environment is free of contamination. 

c) The molded-case surface is free of cracks. 

d) The terminations are connected to conductors sized for the application (see UL 489). 


e) The conductors are properly terminated and free of signs of overheating. 


NOTES 


1—If no evidence of looseness (e.g., overheating) exists, then the connections should remain 
undisturbed and at the tightness as found. 


2—If evidence of overheating or arcing exists, an investigation of the cause should be made and correc- 
tive steps taken (see 16.15.4). 


16.15.4 Preventative maintenance 


16.15.4.1 General 


Under normal conditions, properly applied MCCBs require maintenance only for verification 
of environmental conditions of the installation and of the enclosure type used for the 
circumstances. However, when inspections identify an abnormal condition and indicate the 
possibility of damage, performing certain maintenance steps may be necessary (see NEMA 
AB 4-1996). 


16.15.4.2 Results 
a) Verify that the circuit breaker is replaced when the circuit breaker jaws are pulled, 


discolored, or melted on surfaces that mate with connecting bus bars. Connecting bus 


700 Copyright © 2001 IEEE. All rights reserved. 


IEEE 
MAINTENANCE, TESTING, AND CALIBRATION Std 242-2001 


bars showing these same characteristics also require replacement. If the bus bars are 
nonreplaceable, then the entire assembly requires replacement. 


b) Verify that the circuit breaker enclosure is replaced with an enclosure type appropri- 
ate to the environment when the entry of contaminants cannot be prevented by the 
existing enclosure. 


c) Overheated aluminum connectors should be replaced. 
16.15.5 Summary of maintenance operations 


The maintenance operations recommended for MCCBs are summarized in Table 16-8. A ref- 
erence to a clause number in the columns indicates the appropriate maintenance operation. 


Table 16-8— Maintenance operations for MCCBs 


Premaintenance Preventative 


Maintenance operation 2 : 
requirements maintenance 


Safety of personnel 16.15.1.1 


Equipment to be rendered 16.15.1.2 
inoperative 


Routine inspection 16.15.3 


Exposed face temperature check 16.15.3.2 


Enclosure interior 16.15.3.3 


Preventative maintenance 16.15.4 


16.16 References 


This recommended practice shall be used in conjunction with the following standards. When 
the following standards are superseded by an approved revision, the revision shall apply. 


ASC C2-2002, National Electrical Safety Code® (NESC®) 2 


ANSI Z2244.1-1982, American National Standard for Personnel Protection: Lockout/Tagout 
of Energy Sources Minimum Safety Requirements : 


ASTM Special Technical Publication (STP) 998, Electrical Insulating Oils. 


2The NESC is available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 1331, 
Piscataway, NJ 08855-1331, USA (http://standards ieee.org/). 

3 ANSI publications are available from the Sales Department, American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 


4ASTM publications are available from the American Society for Testing and Materials, 100 Barr Harbor Drive, 
West Conshohocken, PA 19428-2959, USA (http://www.astm.org/). 
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ASTM Standards for Electrical Insulation and Electronics: v. 10.01 Electrical Insulation (1): 
Solids, Composites, and Coatings. 


ASTM Standards for Electrical Protective Equipment for Workers, 7th ed. 


ASTM E-849, Practice for Safety and Health Requirements Relating to Occupational 
Exposure to Asbestos. 


ASTM F-855-90, Temporary Grounding Systems to be Used on De-energized Electric Power 
Lines and Equipment. 


FM Technical Advisory Bulletin 5-20/14-22, Electrical Testing.” 
TEEE Std 4-1995, IEEE Standard Techniques for High Voltage Testing S 
IEEE Std 62-1995, IEEE Guide for Diagnostic Field Testing Electric Power Apparatus. 


TEEE Std 450-1995, IEEE Recommended Practice for Maintenance, Testing, and 
Replacement of Vented Lead Acid Batteries for Stationary Applications. 


TEEE Std 493-1997, IEEE Recommended Practice for the Design of Reliable Industrial and 
Commercial Power Systems (EEE Gold Book). 


IEEE Std 510-1983, IEEE Recommended Practices for Safety in High-Voltage and High 
Power Testing. 


TEEE Std 625-2001, IEEE Recommended Practice to Improve Electrical Maintenance and 
Safety in the Cement Industry. 


TEEE Std 957-1995, IEEE Guide for Cleaning Insulators. 
IEEE Std 978-1984, IEEE Guide for In-Service Maintenance and Testing of Live-Line Tools. 
IEEE Std 1048-1990, IEEE Guide for Protective Grounding of Power Lines. 


TEEE Std 1106-1995, IEEE Recommended Practice for Maintenance, Testing, and 
Replacement of Nickel-Cadmium Storage Batteries for Generating Stations and Substations. 


IEEE Std 1188-1996, IEEE Recommended Practice for Maintenance, Testing, and Replace- 
ment of Valve Regulated Lead Acid Batteries. 


IEEE Std C37.20.1-1993, IEEE Standard for Metal-Enclosed Low-Voltage Power Circuit 
Breaker Switchgear. 


5EM Technical Advisory Bulletins can be obtained from Factory Mutual FM, Norwood, MA, USA. 


°TEEE publications are available from the Institute of Electrical and Electronics Engineers, 445 Hoes Lane, P.O. Box 
1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 
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TEEE Std C37.20.2-1999, IEEE Standard for Metal-Clad and Station-Type Cubicle 
Switchgear. 


IEEE Std C37.20.3-2001, IEEE Standard for Metal-Enclosed Interrupter Switchgear. 
ISO/TEC Guide 51, Guidelines for the inclusion of safety aspects in standards.’ 


NEMA AB 4-1996, Guidelines for Inspection and Preventive Maintenance of Molded Case 
Circuit Breakers Used in Commercial and Industrial Applications.® 


NEMA PE 5-1985 (Reaff 1991), Utility Type Battery Chargers. 
NEMA SG 4-1990, Alternating-Current High-Voltage Circuit Breakers. 


NFPA 70-1999, National Electrical Code® (NEC®).? 


NFPA 70B-1998, Electrical Equipment Maintenance.!° 
NFPA 70E-2000, Electrical Safety Requirements for Employee Workplaces. 
NIOSH Alert! Dec. 1986, Preventing Fatalities of Workers Who Contact Electrical Energy. 


NIOSH Alert! Dec. 1987, Preventing Electrocutions by Undetected Feedback Electrical 
Energy Present in Power Lines. 


NIOSH Alert! Jan. 1986, Preventing Occupational Fatalities in Confined Spaces.|! 
OSHA 3120, Control of Hazardous Energy (Lockout/Tagout).'* 

REA 65-1, Design Guide for Rural Substations! 

REA 163-2, Preventive Maintenance Management Manual. 


ISO/IEC publications are available from the ISO Central Secretariat, Case Postale 56, 1 rue de Varembé, CH-1211, 
Genéve 20, Switzerland/Suisse (http://www.iso.ch/). ISO/IEC publications are also available in the United States 
from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 80112, USA (http://global.ihs.com/). 
Electronic copies are available in the United States from the American National Standards Institute, 11 West 42nd 
Street, 13th Floor, New York, NY 10036, USA (http://www.ansi.org/). 

8NEMA publications are available from Global Engineering Documents, 15 Inverness Way East, Englewood, CO 
80112, USA (http://global.ihs.com/). 

°The NEC is published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269, USA 
(http://www.nfpa.org/). Copies are also available from the Institute of Electrical and Electronics Engineers, 445 
Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331, USA (http://standards .ieee.org/). 

‘ONFPA publications are published by the National Fire Protection Association, Batterymarch Park, Quincy, MA 
02269, USA (http://www.nfpa.org/). 

'INIOSH publications can be obtained from the National Institute of Occupational Safety and Health, U.S. Public 
Health Service, U.S. Department of Health. 

OSHA publication can be obtained from the Occupational Safety and Health Administration, U.S. Department of 
Labor. 


BREA publication can be obtained from the Rural Electrification Administration, U.S. Department of Agriculture. 
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REA 165-1, Substation Inspection and Maintenance. 
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A 


Abnormal frequencies protection (genera- 
tors), 491-492 

Abnormalities, protection against, 3-4 

Abnormal power supply conditions 
(motors), 344-347 

Accelerometers, 374 

Accessories for low-voltage circuit break- 
ers, 227 

AC component of armature current (genera- 
tors), 449 

AC magnetically held main contactor, 345, 
346-347 

Adjustable instantaneous trip unit, 204 

Aerial cable system, 322 

Air circuit breaker, 200, 560 

Air-core current transformer (CT) method 
of bus protection, 522-523 

Alarm switch (low-voltage circuit breakers), 
227 

Alternator-rectifier exciter (generators), 
445, 446-447 

Ampacity (cables), 308-309 

Ampere rating, 129 

Ampere-squared seconds (J>f), 131, 170 

ANSI standards, 12 

Antifriction bearing, 376 

Antimotoring protection (generators), 83, 
487-490 

Arcing fault, 231, 242-247, 260, 262-263, 
330-332 

Arcing-fault protection (busways), 333-334 

Arcing time, 129 

Arrester. See Surge arrester 

Askarel (transformers), 396 

Attraction, electromagnetic, 70 

Automatic reclosing protection (motors), 
386-388 

Automatic synchronizing relay, 74-76, 79- 
80 

Automatic synchronizing system, 505-506 

Automatic transfer protection (motors), 345, 
386-388 
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Auxiliary 
contacts (low-voltage circuit breakers), 
227 
current transformers (CTs), 61-62, 100, 
110 
timers (motors), 249 
voltage transformers (VTs), 100 


B 


Backup current-limiting fuse, defined, 159 
Backup functions of undervoltage relays, 81 
Backup ground time-overcurrent relay 
(Device 51G) 
large generators, 511 
medium generators, 510 
small generators, 509 
Backup overcurrent relay (Device 51V) 
large generators, 511 
medium generators, 510 
small generators, 509 
Backup protection 
battery-powered applications, 159 
buses, 525 
conductors, 297-298 
generally, 69-70 
generators, 463-474, 492-498 
ground-fault, 249 
overcurrent protection, 575 
service supply lines, 569-571 
Balanced three-phase conditions, 29-30 
Bar current transformer (CT), 48 
Basic impulse insulation level (BIL) (CTs), 
51 
Battery 
dc overcurrent backup, 159 
service supply lines, 545 
switchgear, 689-690 
uninterruptible power supply (UPS), 413 
Bearings, 371 
Bimetallic overload protective devices, 320, 
351 
Bolted fault, 328-330, 331 
Bolted-fault protection (busways), 334-335 
Bolted-pressure contact fused switches, 247 
Boric acid fuse, 178-179 
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Bourdon gauge, 410 
Branch circuit, motor, 195 
Branch currents, 40-42, 44 
Breaker failure protection, 498-499, 569- 
571 
Bridge, defined, 130 
Bridge temperature relay, 90 
Brushless exciters 
generators, 445, 446-447, 457, 474-476, 
477 
motors, 379, 389 
Burdens 
current transformers (CTs), 52, 53 
voltage transformers (VTs), 64 
Bus-bracing requirements (low-voltage 
fuses), 154 
Bus-differential protection, 254 
Bus duct (sequence impedance), 26 
Bus failure, 519 
Bushing current transformer (CT), 48-49, 
394,521 
Bus protection, 558 
air-core current transformer (CT) method, 
522-523 
arrangements, 516-517, 518 
backup, 525 
conductors, 525 
current differential relays, 523-524 
differential relays, 516, 517, 518, 519- 
525 
exposed circuits, 525-526 
generally, 515-517 
ground faults, 518 
high-impedance differential relay, 115 
maximum continuous operating voltage 
(MCOV), 526-527 
overcurrent relays, 517-518 
overvoltage, 80-81, 96 
partial differential relays, 524-525 
percentage differential relays, 523 
sectionalized arrangements, 519 
summation overcurrent relays, 524—525 
surges, 525-527 
temporary overvoltage (TOV), 526 
voltage differential relays, 520-522 
Bus tie protection, 197 


712 


INDEX 


Busway protection 
arcing faults, 330-334 
bolted faults, 328-330, 331, 334-335 
continuity check, 336 
coordination of devices, 301—307 
faults, 328-332 
generally, 285, 326-336 
high-potential test, 336 
insulation resistance test, 336 
maintenance, 336 
overload, 333 
protective devices, 332-336 
sequence impedance, 26 
temperature, 290-295 
testing, 336 
types, 326-328 
visual inspection, 336 


Cc 


Cable. See also Cable protection, insulated 
power; Overload protection (cables) 
backup protection, 297—298 
circuits, 192 
code requirements, 324-325 
current, 287, 310 
final temperature, 293-295 
for ground-fault protection on motors, 
368 
initial temperature, 293-295 
overvoltages, 286 
percent insulation level (%IL), 286-287 
physical protection, 321-324 
reactances, 288 
sequence impedance, 26 
short-circuit current protection, 288-307 
temperature, 287, 290-295, 302, 310 
temperature-current-time curves, 292— 
293, 294 

uses, 298-301 

Cable protection, insulated power. See also 

Cable; Overload protection (cables) 

adverse ambient conditions, 323-324 
aerial cable systems, 322 
coordination of devices, 301—307 
devices, 295-298, 299, 300 
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direct buried cables, 318, 322 
exposed raceways, 322 
foreign elements, 324 
fuses, 155 
generally, 155, 285-287, 321-324 
mechanical hazards, 321—322 
portable cables, 323 
sheath or shield temperature, 291-292 
short-circuit current, 288-307 
underground systems, 322 
Calculating 
arc fault damage, 246-247, 260, 262-263 
current transformer (CT) accuracy, 56-61 
decrement characteristics on generators, 
447-451 
fault levels of protective devices, 33-42 
5-cycle-to-8-cycle interrupting duty, 18 
ground-fault current magnitudes, 240—- 
242 
intermediate overload rating, 313-314 
load current in normal circuits, 14 
momentary application of short circuits, 
18 
per-unit method of, 19-20 
phase coordination study elements, 610- 
612, 615, 618, 622, 626 
short-circuit current, 11-12, 19-20 
Capacitor protection, 193 
Cartridge fuse, 138 
Circuit breaker, generally, 7. See also Low- 
voltage circuit breaker 
Circuit breaker (transformers), 417-418 
Circuit protector (motors), 353-354 
Circuit sensitivity for ground faults, 255 
Clapper instantaneous relay, 94 
Class CA fuse, 134, 136 
Class CB fuse, 134, 136 
Class CC fuse 
dimensions, 144 
documentation, 134, 136 
interrupting ratings, 145 
Class C fuse, 134, 136 
Class G fuse 
dimensions, 141 
documentation, 134, 136 
interrupting ratings, 145 
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Class H fuse 
dimensions, 139 
documentation, 134 
interrupting ratings, 145 
Class J fuse 
dimensions, 142 
documentation, 134, 136 
interrupting ratings, 145 
Class K fuse 
dimensions, 139 
documentation, 136-137 
interrupting ratings, 145 
Class L fuse 
dimensions, 140 
documentation, 134, 136 
example, 149 
interrupting ratings, 145 
Class R fuse 
dimensions, 144 
documentation, 137 
Class RK-1 fuse (interrupting ratings), 145 
Class RK-5 fuse 
example, 148 
interrupting ratings, 145 
Class T fuse 
dimensions, 143 
documentation, 137 
interrupting ratings, 145 
Clearing times of protective devices, 247— 
248, 296, 297 
Code requirements for cable protection, 
324-325 
Cogeneration generator, 443-444 
Communicating electronic trip unit, 205— 
206 
Computer model for calculating short-cir- 
cuit current, 35-41 
Computing. See Calculating 
Conductor protection. See also Busway pro- 
tection; Cable protection, insulated 
power 
bus, 525 
overcurrents, 581, 582 
Connections 
current transformers (CTs), 55-56 
voltage transformers (VTs), 64 
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Conservator tank (transformers), 396, 398, 
399 
Continuity check (busways), 336 
Continuous-ampere rating (fuses), 579 
Continuous-current rating, 50, 184, 208, 211 
Continuous monitoring devices, 377 
Continuous online diagnostic systems, 378 
Continuous-thermal current rating, 50 
Control voltage rating (circuit breakers), 
201 
Conventional phase differential overcurrent 
relay, 362, 363 
Cooling systems 
generators, 456 
motors, 372 
Coordinating. See also Overcurrent coordi- 
nation 
fuses and motor starters, 194, 195 
fuses and surge arresters, 194, 196 
generally, 5 
ground-fault protection, 258—274 
protective devices, 219-221 
surge arresters and current-limiting fuses, 
196 
surge arresters and expulsion fuses, 196 
Coordination time interval (CTI). See Over- 
current coordination 
Core-balance current transformer (CT), 
250-252, 274 
Core balance protection, 250-252, 274 
Core hot spot (generators), 456 
Corner grounded delta system, 224 
Cost of downtime and maintenance, 3 
CSA standards for low-voltage fuses, 133- 
138 
CT. See Current transformer (CT) 
CTI (coordination time interval). See Over- 
current coordination 
Current, short-circuit. See Short-circuit cur- 
rent 
Current balance relay, 87-88 
Current-carrying components, 12-13, 307— 
310 
Current differential relay, 523-524, 522 
Current-interrupting devices (transform- 
ers), 415 
Current limiter, 130 
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Current-limiting characteristics of low-volt- 
age fuses, 152-153 
Current-limiting circuit breaker, 202, 205, 
217 
Current-limiting fuse 
coordination with surge arresters, 196 
defined, 130, 169-170 
distribution, 174-177 
example, 149 
generally, 145, 152-153, 177-178, 217 
general purpose, defined, 170 
interrupting ratings, 177-178 
maximum permissible overvoltages, 171 
minimum-melting time-current character- 
istic (TCC) curves, 187 
in motor branch circuit, 185 
Current-limiting waveform, 203 
Current magnitudes of ground faults, 240— 
242 
Current rating (high-voltage fuses), 184 
Current responsive (buses), 520 
Current-sensing devices, 419-433, 582 
Current summation (buses), 520 
Current transformer (CT). See also Window 
current transformer (CT) 
accuracy, 51-52, 56-61 
applications, 50-51 
auxiliary, 61-62, 100, 110 
basic impulse insulation levels (BILs), 51 
burden, 52, 53, 61 
connections, 55—56 
core-balance, 250—252, 274 
differential current, 108-109 
flux density, 61 
overcurrent ratio curves, 53-54 
polarity, 54-55 
ratios, 49-50, 52 
relaying accuracy classes, 52 
residually connected, 368 
safety precautions, 62 
saturation, 61, 580 
secondary excitation characteristics, 53— 
54 
types, 47-49 
windings, 47-49 
Cutout, distribution fuse, 175-177, 185 
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D 


Damper winding protection (motors), 379 
D’ Arsonal contact-making de millivoltme- 
ter, 86 
DC applications of low-voltage fuses, 159- 
165 
DC component of armature current (genera- 
tors), 449 
DC fuse, 138, 159-165 
DC generator-commutator exciter (genera- 
tors), 445-446 
DC high-potential test, 118 
DC magnetically held main contactor, 347 
DC time constant, 160, 164-165 
DC undercurrent relay, 86, 481 
DC voltage ratings, 164-165 
Decay rates (short-circuit currents), 288— 
289 
Decrement characteristics (generators), 
447-451 
Decrement in fault currents, 16-17 
Delay, defined, 130 
Delta-connected current transformer (CT), 
55,56, 57 
Delta-rated circuit breaker, 225 
Delta system, 224 
Design of power systems, preliminary, 5—7 
Diagnostic systems (motors), 378-379 
Diagnostic testing (switchgear), 641, 652— 
653, 682-689 
Dielectric absorption ratio test (insulation), 
688 
Dielectric dissipation factor tan delta, 697 
Differential backup protection (generators), 
463-465 
Differential ground relay (Device 87TN) 
(service supply lines), 556 
Differential protection of motors, 109 
Differential relay (Device 87). See also indi- 
vidual types 
buses, 516,517,518, 519-525 
generally, 107-119 
generators generally, 459-465, 469-471 
large generators, 511 
medium generators, 510 
transformers, 427-433, 434, 435 
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Direct buried cable, 318, 322 

Direct grounding. See Solidly grounded 
system 

Directional comparison relaying systems, 
552 

Directional impedance relay, 74, 75 

Directional overcurrent ground-fault relay 
(Device 67N) (service supply lines), 
553-554, 556 

Directional overcurrent phase relay 
(Device 67) (service supply lines), 556 

Directional overcurrent relay (Device 67 or 
87G), 98-103 

Directional phase-overcurrent relay 
(Device 67) (service supply lines), 
553-554 

Directional power relay (Device 32), 83-85, 
489, 556 

Direct transfer trip relaying systems, 552 

Direct tripping circuit breaker, 296 

Dissolved fault-gases detection on trans- 
formers, 407-408 

Distance backup protection (generators), 
493 

Distance relay (Device 21), 71-74, 464, 
478-480, 492, 551-552, 556 

Distribution circuit, 231 

Distribution current-limiting fuse, 174-177 

Distribution fuse cutout, 175-177, 185 

Distribution surge arrestor, 526-527 

Donut current transformer (CT), 109 

Dry preservation systems (transformers), 
395-396 

Dual-element fuse, 131, 352-353, 579 


E 


Economic considerations when designing 
power systems, 3 

Eddy current, 414, 456 

Electromagnetic attraction relay, 70 

Electromagnetic induction relay, 70 

Electromechanical negative-sequence over- 
current relay (generators), 483 

Electromechanical relay, 67, 70. See also 
individual types 
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Electromotive force, 183 
Electronic overload relays (motors), 351— 
352 
Electronic trip circuit breaker, 203, 205, 
209, 213-214, 215 
Elementary induction disk relay, 92 
Emergency overload current (cables), 311, 
315, 316, 317 
Emergency power systems, 266 
Enclosed nonventilated transformer, 395 
Environmental hazards (transformers), 437— 
438 
Equipment damage vs. Service continuity, 
2-3 
Excessive shaft torques protection (motors), 
388-389 
Excessive starting protection (motors), 381 
Excitation protection, 85, 444-447 
Excitation voltage availability (motors), 380 
Exciter relay (generators), 487 
Exhaust filter, 179 
Exhaust hood temperature (generators), 489 
Exposed cable raceway, 322 
Exposed circuit, 525-526 
Expulsion power fuse 
coordination with surge arresters, 196 
defined, 170 
fiber-lined, 178-179 
generally, 178-181 
interrupting ratings, 179, 180, 181 
solid-material, 180-181 


F 


Failure-to-rotate protection (motors), 389— 
390 
Fault. See also individual types 
bus, 515-516 
busways, 328-332 
computer studies, specialized, 42-44 
geometry of, 13 
three-phase, 13 
Fault current, 16-17 
Fault-detection sensitivity (differential 
relays), 428 
Fault-indicating ammeter, 274 
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Fault overcurrent devices, 232 

Feeder protection, 197, 298-301, 320-321, 
325,556 

Ferroresonance 

transformers, 436-437 
voltage transformer (VT), and generators, 
500 

Ferrule, defined, 131 

Fiber-lined expulsion power fuse, 178-181, 
183-184 

Field-current failure protection (motors), 
379-380 

Field dielectric tests (switchgear), 689, 690 

Field follow-up of implementing power sys- 
tem design, 8 

Field overexcitation (generators), 457-459 

Field winding (generators), 457 

Filtered ventilated transformer, 395 

Final temperature in conductors, 293-295 

Fire detection (motors), 372 

5-cycle-to-8-cycle interrupting duty calcula- 
tion, 18 

Fixed percentage differential relay, 109, 
110, 111, 112 

Fixed time-delay relay (generators), 457— 
458 

Flame detection, 372 

Flashover, insulation, 25 

Flicker, voltage, 540 

Fluid-film bearing, 373 

Flux, 250-252, 485 

Forced-air cooling (transformers), 412 

Fortescue’s thesis, 20-21 

Four-pole transfer switches, 265 

Frequency-compensated (or -insensitive) 
overvoltage relay (generators), 491 

Frequency derating factor (cables), 310 

Frequency rating (circuit breakers), 201 

Frequency relay (Device 81), 104-107, 
557-558 

Frequency variation (service supply lines), 
541-542 

Frequent-fault-incidence application, 412— 
422, 425 

Full-range current-limiting fuse, defined, 
170 
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Fuse. See also individual types 
cables, 320 
conductors, 296, 297 
generally, 7 
generators, 499-500 
overcurrent coordination, 579, 596 
transformers, 417-418, 423-425 
voltage transformers (VTs), 65 
Fused switches, 247, 417-418 
Fuse-link, defined, 131 
Fuse-holder and refill-unit style (power 
fuses), 179, 180, 181 
Fuse-unit style (power fuses), 179, 180 
Fusible protective device (service supply 
lines), 549 
Fusible switches, antisingle-phasing provi- 
sions of, 242 


G 


Gas-accumulator relay (transformers), 402 


Gas-analysis equipment (transformers), 408 


Gas-detector relay (transformers), 403 
Gas-oil seal (transformers), 396, 397-398 


Gas-sensing device (transformers), 418-419 


General-purpose current-limiting fuse, 170 
Generator differential relay (Device 87G) 
(service supply lines), 557 
Generator field ground relay (Device 64F) 
large generators, 511 
medium generators, 510 
Generator neutral ground time overcurrent 
relay (Device 51GN) (service supply 
lines), 557 
Generator protection 
abnormal frequencies, 491-492 
ac component of armature current, 449 
air-cooled, 455, 456 
alternator-rectifier exciters, 446-447 
antimotoring, 487-490 
automatic synchronizing systems, 505-— 
506 
breaker failures, 498-499 
calculating decrement characteristics, 
447-451 
cogeneration applications, 443-444 
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cooling system failures, 454, 456 

core hot spots, 454, 456 

dc component of armature current, 449 

dc generator-commutator exciters, 445— 
446 

dc undercurrent relays, 481 

decrement characteristics, 447-451 

differential backup, 463-465 

differential relays, 459-465, 469-471 

directional power relay, 489 

distance backup, 493 

distance relays, 478-480, 492 

electromechanical negative-sequence 
overcurrent relays, 483 

excitation systems, 85, 444-447 

exciter relays, 487 

exhaust hood temperatures, 489 

ferroresonance, voltage transformer 
(VT), 500 

field overexcitation, 457-459 

field windings, 457 

fixed time-delay relays, 457-458 

frequency-compensated (or -insensitive) 
overvoltage relay, 491 

fuses, 499-500 

generally, 441 

governing system, 490 

ground faults, 465-473, 498 

grounding, 451-454 

grounding-transformer grounding, 453- 
454, 472-473 

harmonics, 467, 468, 471 

high-resistance grounding, 443, 452-453, 
466-469 

high-speed reclosing of transmission 
lines, 504 

hot spots, 454, 456 

hydrogenerators, 477-478, 489, 490 

impedance relays, 493 

inadvertent energizing , 502-504 

induction applications, 444 

inverse time-delay relays, 458 

large industrial applications, 442-444 

large machines, 511-512 

loss of field, 477-48 1 

loss of synchronism, 484—485 
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low-resistance grounding, 443, 453, 469- 
471 

manual synchronizing systems, 506 

medium machines, 510-511 

multiple-isolated applications, 442 

offset mho distance relays, 478, 479 

oil pressure, 490 

overcurrent backup, 494—498 

overcurrent coordination, 587-589 

overexcitation, 485-487 

overload, 454-455 

overvoltage, 490-491 

phase faults, 459-465 , 492-498 

reactance grounding, 453, 471 

reactive relays, 480-481 

resistance temperature detectors (RTDs), 
454, 455 

reverse-power relays, 480-481, 488-489 

rotating exciters, 446-447 

rotor field currents, 473-476 

rotors, 459 

self-balancing differential scheme, 461- 
463 

semiautomatic synchronizing systems, 
506 

sequence impedances, 22—23 

sequential tripping mode, 507, 509 

short-circuits, 444-451 

shutdown, 500-502 

simultaneous tripping mode, 507 

single-isolated applications, 441-442 

small machines, 509-510 

startup, 500-502 

static exciters, 447 

static negative-sequence overcurrent 
relays, 484 

stationary exciters, 446 

stator faults, 459-473 

stator thermal devices, 454-456 

steady-state line switching, 504 

steam turbines, 477, 487-490 

synchronizing, 504—506 

system backup, 492-498 

third-harmonic overvoltage scheme, 468 

time-overcurrent relay, 464, 481-484, 
492-494 

transmission-line reclosings, 504 
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trip logic table, 508 
tripping schemes, 506-509 
turbine-trip oil system, 490 
unattended, 441 
unbalanced currents, 481-484 
underfrequency, 492 
undervoltage, 492 
unit generator-transformer applications, 
443, 444 
unit separation tripping mode, 507 
valve limit switches, 489-490 
variable slope percentage differential 
relay, 461 
var relays, 480-48 1 
voltage-balance relays, 500 
voltage-controlled relays, 495-496 
voltage-dependent overcurrent relays, 
494-495 
voltage regulators, 458-459 
voltage-restrained relays, 496-497 
voltage-to-frequency limiters, 486 
voltage-to-frequency relays, 486 
voltage transformers (VTs), 499-500 
winding temperatures, 455 
Generator stator thermal device, 454-456 
Generator tripping mode of protection, 507 
Glass fuse, 137 
Governing oil system (generators), 490 
Ground differential relay 
generally, 252-254 
large generators, 511 
transformers, 428, 429, 432-433, 434, 
435 
Ground fault 
arcing, 231, 242-247, 260, 262-263 
buses, 518,519 
circuit sensitivity, 255 
coordination schemes, 260-268 , 269-274 
core balance protection, 250-252, 274 
current magnitudes, 240-242, 290 
ground differential protection, 252—254 
ground return protection, 252, 253 
identification, 268-271, 274, 275, 276 
location, 268-271, 274, 275, 276 
low-voltage protective devices, 247—248 
on motors, 343 
origins, 240 
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protective schemes, 249-255 
relaying devices, 248-249 
residually connected protection, 249— 
250, 368 
sensing devices, 248-249, 255 
sheath or shield temperatures, 291-292 
spot networks, 273, 276-277, 278, 279 
trip devices, 248-249 
zone selective interlocking (ZSI) coordi- 
nation, 258-260, 261 
Ground-fault detection, 96 
Ground-fault detector relay (Device 64) 
(service supply lines), 554 
Ground-fault protection 
alternate power source, 264-268 
applications generally, 255-256 
cables for motors, 368 
classification of system grounding, 233— 
234 
clearing time, 247-248 
coordination schemes, 258—274 
core balance, 250—252, 274 
direct grounding, 234—235 
four-pole transfer switches, 265 
generally, 231-232 
generators, 465-473, 498 
ground differential, 252-254 
grounding, choices of, 232-234 
ground return, 252, 253 
high-resistance grounding, 236-238, 270, 
274, 275, 276 
identification of faults, 268-271, 274, 
275,276 
isolation, transformer, 266 
location of faults, 268-271, 274, 275, 276 
low-resistance grounding, 235-236, 271 
on mains and feeders, 257, 258 
on mains only, 256-257 
on mains only in fused systems, 257, 259 
on motors, 354-356, 367-369 
neutral contracts, overlapping, 265-266 
overcurrent, 216-217, 626-627, 628-631 
overvoltage, 96-97 
residually connected, 249-250, 368 
single-point grounding, 265 
solid grounding, 234-235, 267, 268, 269, 
272,273, 274 
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spot networks, 273, 276-277, 278, 279 
system types, 232—240 
trip-operating time, 247 
ungrounded systems, 238-240 
using low-voltage circuit breakers, 216— 
217 
zone selective interlocking (ZSI) coordi- 
nation, 247, 258-260, 261 
Ground-fault time-current characteristics 
(TCCs), 214-215 
Grounding, choices of, 232-234 
Grounding (generators), 451-454 
Grounding-transformer grounding (genera- 
tors), 453-454, 472-473 
Ground overcurrent relay (CTs) 
(Device 50GS or 51GS), 55 
Ground return protection, 252, 253 
Grouping derating factor (cables), 309-310 


H 


Harmonic-restraint percentage differential 
relay (Device 87T), 109, 110, 113-114 

Harmonics 

conductors, 310 

generally, 3, 110, 114 

generators, 467, 468, 471 

high-voltage fuses, 193 

low-voltage circuit breakers, 210, 213 

motors, 339, 342, 344 

service supply lines, 542, 546 

transformers, 61, 413-414, 430, 432 
Heat flow (cables), 307-308 
Hermetic refrigeration chiller motor, 348 
High-impedance busway, 327-328 
High-impedance differential relay 

(Device 87B), 115 

High ohmic value resistance, 96 
High-potential test 

busways, 336 

switchgear, 685-689, 698 
High-pressure contact fused switches, 247 
High-resistance-grounded system 

generally, 236-238 

generators, 443, 452-453, 466-469 
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ground-fault protection, 270, 274, 275, 
276, 290 
motors, 356 
High rupturing capacity (HRC), 131 
High-speed reclosing of transmission lines, 
504 
High-speed underfrequency relay 
(Device 81), 387 
High-speed voltage relay, three-phase 
(Device 27), 388 
High-voltage bus differential protection, 
519-525 
High-voltage fuse. See also individual 
types; Power fuse 
applications generally, 183-185 
for bus tie protection, 197 
capacitor protection, 193 
classification, 173-177 
clearing time, estimated, 287 
coordination with motor starters, 194, 
195 
coordination with surge arresters, 194, 
196 
current ratings, 184 
documentation, 169 
estimated clearing time, 287 
interrupting ratings, 184-185 
motor-circuit protection, 193-194 
new designs of power fuses, 196-197 
overload protection, 191-192 
selecting, 183-185 
system protection, 185-189 
through-fault protection, 191 
transformer protection, 189-192 
two-fuse concept, 192 
voltage ratings, 183-184 
voltage transformer (VT) protection, 
192-193 
Hinged-armature instantaneous relay, 81, 
93,94, 97 
Hot-spot temperature, 410-412, 454, 456 
HRC (high rupturing capacity), 131 
Hydrodynamic sleeve-bearing motor, 375 
Hydrogenerator, 477-478, 489, 490 
Hysteresis (transformers), 414 
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ICCB (insulated-case circuit breaker), 200 
IEC-rated interrupting device, 12 
Impedance distance relay, 72 
Impedance relay (Device 40) 
generally, 85, 86 
generators generally, 493 
large generators, 511 
medium generators, 510 
Impedances, short-circuit, 11, 18, 22 
Inadvertent energizing protection (genera- 
tors), 502-504 
Incomplete starting sequence protection 
(motors), 381 
Induction, electromagnetic, 70 
Induction cup underfrequency relay, 106 
Induction disk relay, 91,92, 106 
Induction generator, 444 
Induction motor 
fixed frequency medium ac polyphase 
squirrel-cage, 340 
harmonic currents, 542 
overexcitation, 385-386 
phase unbalance protection, 347-348 
protection generally, 381 
rotor winding protection, 382 
voltage sags, 539 
Induction overcurrent relay, 524 
Inertia (overtravel), 80-81, 92-93 
Infrequent-fault-incidence application, 420-— 
422,425 
Initial magnitude (short circuits), 15, 17 
Initial temperature (conductors), 293-295 
Injection test (switchgear), 695 
In-phase transfer (motors), 389 
In-plant generator protection, 556-558 
Inrush current (transformers), 192, 193, 
415, 424, 426, 427 
Inrush current (transformers), magnetizing, 
157, 189-191, 405, 424, 430 
Inspection, visual (busways), 336 
Instantaneous current, 210, 212-214 
Instantaneous current adjustment, 209 
Instantaneous direct-acting phase trip ele- 
ments (circuit breakers), 206, 208 
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Instantaneous directional overcurrent relay, 
103 
Instantaneous ground-fault protection 
(motors), 367 
Instantaneous overcurrent relay (Device 50, 
51, 50/51, or 51V), 90-96, 97, 349- 
350,551,553, 554, 562 
Instantaneous overcurrent relay (Device 87) 
(generators), 509 
Instantaneous phase unbalance protection 
(motors), 349 
Instantaneous relay (Device 95), 380 
Instantaneous trip attachment, 90 
Instantaneous trip circuit breakers (motors), 
353-354, 355 
Instantaneous undervoltage relay, 81, 345-— 
346 
Insulated-case circuit breaker (ICCB), 200 
Insulation 
flashover, 25 
motors, 372 
organic, 290 
overload protection for cables, 319 
Insulation resistance test 
busways, 336 
switchgear, 685-689, 698 
Integrally fused circuit breakers, 202—203, 
205, 208 
Intermediate overload rating, 313-314 
Intermediate zone (overload protection), 
310-312, 319 
Interrupting ability test (fuses), 160-161 
Interrupting rating 
Class CC fuses, 145 
Class G fuses, 145 
Class H fuses, 145 
Class J fuses, 145 
Class L fuses, 145 
Class T fuses, 145 
current-limiting fuses, 177-178 
defined, 132 
expulsion power fuses, 179, 180, 181 
high-voltage fuses, 184-185 
IEC, 12 
low-voltage circuit breakers, 201, 204, 
205 
low-voltage fuses, 145 
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noncurrent-limiting devices, 290 
Interruption, voltage, 541 
Inverse-time circuit breakers (motors), 353 
Inverse time-delay relay (generators), 458 
Inverse-time overcurrent relay (Device 51), 
349-350, 551,593, 594 
It (ampere-squared seconds), 131, 170, 202 


K 


Kelvin bridge, 370-371 
K-factor rating (transformers), 414-415 


L 


Large generator protection scheme, 51 1- 
512 
Large industrial generator, 442-444 
Latching contactor or circuit breaker 
(motors), 346 
Let-through energy, 170 
Lightning protection (motors), 382-385 
Linear coupler method of bus protection, 
522-523 
Line-end fault, 43-44 
Line-out fault, 44 
Link, defined, 132 
Liquid detectors (motors), 372 
Liquid-level gauges (transformers), 398— 
400 
Liquid preservation systems (transformers) 
conservator tanks, 398, 399 
designs, 396-398, 399 
devices, 398-408 
dissolved fault-gases detection, 407-408 
gas-accumulator relays, 402 
gas-detector relays, 403 
gas-oil seals, 397-398 
liquid-level gauges, 398-400 
positive-pressure inert gas, 397 
pressure-relief devices, 401-402 
pressure-vacuum bleeder valves, 400— 
401 
pressure-vacuum gauges, 400, 401 
sealed tanks, 396-397 
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static pressure relays, 404 
sudden gas/oil-pressure relays, 406-407 
sudden gas-pressure relays, 406 
sudden oil-pressure relays, 405-406 
sudden pressure relays, 404—405 
Liquid temperature indicators (transform- 
ers), 408-410 
Load flow current, 577 
Load limitation (transformers), 416 
Load-shedding scheme, 104, 105, 416 
Load-side faults (motors), 343 
Local backup protection, 69 
Locked-rotor protection, 354, 361, 363, 
389-390 
Lockout relay (Device 86), 107, 520 
Long-time current, 17,210, 212-214 
Long-time voltage variation (service supply 
lines), 536-538 
Long-time zone (overload protection), 310- 
312 
Loss-of-excitation relay (Device 40), 85— 
86, 380, 485 
Loss-of-field protection (generators), 477— 
481 
Loss-of-field relay, 73 
Loss-of-power relay (Device 37), 386, 387 
Loss-of-synchronism protection (genera- 
tors), 484-485 
Low-impedance busway, 326-327 
Low-pickup relay, 97 
Low-resistance-grounded system 
generally, 235-236 
generators, 443, 453, 469-471 
ground-fault protection, 290 
motors, 356, 368-369 
service supply lines, 556 
three-wire, 271 
Low-voltage bus conductor protection, 525 
Low-voltage circuit breaker 
accessories, 226 
applications, 216-226 
clearing time, estimated, 296, 297 
continuous-current rating, 201, 211 
control voltage rating, 201 
current limitation, 202—203 
documentation, 199-200 
estimated clearing time, 296, 297 
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frequency rating, 201 

generally, 199-200, 232 

harmonics, 210 

interrupting rating, 201, 204, 205 

overcurrent coordination, 578-579, 596, 
597, 598, 599 

pole rating, 201, 204, 205 

power factor, 221-224 

protection, 154-155 

ratings, preferred, 206, 207, 208 

ratings generally, 200-202, 203 

selectivity, 210,214, 219-221 

short-circuit test values, 225-226 

short-time current rating, 202 

system protection, 216-219, 227 

time-current characteristic (TCC) curves, 
210-216 

trip unit, 203-216, 219 

voltage considerations, 224—226 

voltage rating, 200-201, 226 

zone selective interlocking (ZSI), 209- 
210 

Low-voltage fuse 

bus-bracing requirements, 154 

cable protection, 155 

circuit breaker protection, 154-155 

clearing time, estimated, 287 

current-limiting characteristics, 152-153 

de applications, 159-165 

dimensions, 138-144 

documentation, 133-138 

estimated clearing time, 287 

generally, 129-133 

interrupting ratings, 145 

motor overcurrent protection, 157—159 

motor starter short-circuit protection, 
155-156 

selectivity, 145-151 

tests for dc applications, 159-165 

time constants, 160, 163, 164, 165 

time-current characteristic (TCC) curves, 
145, 147, 150 

transformer protection, 156-157, 158 

wire protection, 155 

Low-voltage motor systems. See Motor, 
three-phase integral horsepower 
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Low-voltage power circuit breaker 
(LVPCB). See Low-voltage circuit 
breaker 

Low-voltage protection 

ground faults, 247-248 
motors, 350-358 
Lubrication of motors, 371 


Machine thermal relay (Device 49), 89-90 
Magnetic current adjustment, 209, 213 
Magnetic trip devices, 208, 320 
Magnetization, 385 
Magnitude 
ground faults, 240-242 
short circuits, 11, 12-13, 15-19 
Maintenance. See also Switchgear mainte- 
nance 

busways, 336 

costs, 3 

electrical switchgear, 639 

generally, 240 

motors, 343 
Manual synchronizing system, 506 
Mathematical notation for calculating short- 
circuit currents, 20 
Maximum clearing />t, 152, 162 
Maximum continuous operating voltage 
(MCOV), 96, 526, 527 
Maximum energy test (fuses), 161-162 
Maximum interrupting current, 576 
Maximum short-circuit temperature, 293— 
295 
MCC (motor control center), 579 
MCCB (molded-case circuit breaker). See 
Low-voltage circuit breaker 
MCOV (maximum continuous operating 
voltage), 96,526, 527 
Mechanical dashpot trip unit, 203, 205 
Mechanical protection (motors), 371-372 
Medium generator protection scheme, 510-— 
511 
Medium-voltage bus differential protection, 
519-525 
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Medium-voltage motor system. See Motor, 
three-phase integral horsepower 
Medium-voltage protection (motors) 
faults, 361-369 
generally, 358 
overcurrents, 358-361 
Melting time, defined, 132 
Metal-oxide surge arrestors, 526, 527 
Metering burden of current transformers 
(CTs), 52 
Mho distance relay, 73-74, 478 
Mho-supervised reactance relay, 74 
Micro fuse, 137 
Mine duty fuse, 162-164 
Miniature fuse, 137 
Minimum ground pickup, 256 
Minimum-melting time-current characteris- 
tic (TCC) curves 
high-voltage current-limiting power 
fuses, 187 
high-voltage solid-material power fuses, 
188 
Miscoordination of protective devices, 354— 
355 
Molded-case circuit breaker (MCCB). See 
Low-voltage circuit breaker 
Momentary application calculations, 18, 
576 
Monitoring device 
motors, 369-378 
transformers, 407-408 
Motor, three-phase integral horsepower 
abnormal power supply conditions, 344— 
347 
accelerometers, 374 
ac magnetically held main contactor, 
346-347 
ambient conditions, 341 
automatic reclosing protection, 386-388 
automatic transfer protection, 386-388 
auxiliary timers, 249 
bearings, 371 
cable circuits and, 321 
characteristics, 339-340 
circuit protectors, 193-194, 263, 353- 
354, 355 
controllers, 343 
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conventional phase differential overcur- 
rent relay, 362, 363 

cooling systems, 372 

damper winding protection, 379 

dc magnetically held main contactor, 347 

diagnostic systems, 378-379 

differential protection, 109 

driven equipment, 341-342 

dual-element fuses, 352—353 

electronic overload relays, 351-352 

excessive shaft torques protection, 388— 
389 

excessive starting protection, 381 

excitation voltage availability, 380 

failure to rotate protection, 389-390 

fault protection, 361-369 

field-current failure protection, 379-380 

fire detection, 372 

ground-fault protection, 354-356, 367— 
369 

ground faults, 343 

high-resistance-grounded systems, 356 

importance of, 342-343 

incomplete starting sequence protection, 
381 

instantaneous ground-fault protection, 
367 

instantaneous phase unbalance protec- 
tion, 349 

instantaneous trip circuit breakers, 353 
354, 355 

instantaneous undervoltage protection, 
345-346 

insulation, 372 

inverse-time circuit breakers, 353 

latching contactors or circuit breakers, 
346 

lightning protection, 382-385 

liquid detectors, 372 

load-side faults, 343 

locked-rotor protection, 354, 361, 363, 
389-390 

low-resistance-grounded systems, 356, 
368-369 

low-voltage systems, 339, 350-358 

lubrication, 371 

maintenance, 343 
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mechanical protection, 371-372 

medium-voltage fault protection, 361— 
369 

medium-voltage overcurrent protection, 
358-361, 362, 363 

medium-voltage systems, 339, 358 

monitoring devices, 369-378 

multifunction relay, 350, 381 

overcurrent differential protection, 361- 
365 

overcurrent protection, 157-159, 349- 
354, 358-361, 364-365, 581-583, 
584-586, 596, 600-601 

overexcitation from shunt capacitance 
protection, 385-386 

overheating, 347-348 

overload protection, 350-354 

partial discharge detectors, 372 

phase unbalance protection, 347-349 

power system quality, 342 

protection generally, 339-344 

proximity transducers, 373-374 

pullout protection, 380 

relays, 249 

residually connected current transform- 
ers (CTs) and ground-fault relays, 
368 

resistance temperature detectors (RTDs), 
357, 369-370 

reverse rotation, 390 

rotor winding overtemperature protec- 
tion, 370-371 

rotor winding protection, 382 

self-balancing differential protection, 
364-365 

sequence impedances, 23 

service factor, 343 

short-circuit protection, 350, 583 

single phasing, 248 

solidly grounded systems, 354—355 

split winding protection, 365-366 

starter short-circuit protection, 155-156 

starting conditions, 341 

starting inrush, tripping on, 249 

stator winding overtemperature protec- 
tion, 356, 369-370 

surge protection, 382-385 
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temperature bulbs, 370 

thermal overload relays, 351-352 

thermistors, 357, 370 

thermocouples, 370 

thermostats, 356, 370 

time-delay fuses, 352-353 

time-delay phase unbalance protection, 
349 

time delay to clear faults, 249 

time-delay undervoltage protection, 345, 
346 


time-overcurrent ground-fault protection, 


367 
transducers, 373-376 
undervoltage protection, 344-347, 357- 
358 
velocity transducers, 374 
ventilation systems, 372 
vibration monitoring, 372-379 
vibrations, 372-373, 375, 379 
voltage-sensing relays, 347 
wound-rotor induction starting resistors, 
371 
Motor branch circuit diagram, 195 
Motor circuit (minimum ground-fault pro- 
tection), 263 
Motor-circuit protection, 193-194, 263, 
353-354, 355 
Motor control center (MCC), 579 
Motor overcurrent differential relay 
(Device 87), 361 
Motor overload relay (motor branch cir- 
cuits), 185 
Motor starter 
coordination with fuses, 194, 195 
short-circuit protection, 155-156 
Multifunction relay (motors), 350, 381 
Multiple-isolated generator, 442 
Multiratio bushing, 49, 57-60 


N 


National Electrical Code® (NEC®) 
(NFPA 70-1999) 
buses and switchgear, 518 
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conductors, 285, 308-309, 310, 318, 
324-325 
generally, 2, 99 
ground faults, 231, 265, 276 
high-voltage fuses, 191 
low-voltage circuit breakers, 199, 200, 
201, 214, 219 
low-voltage fuses, 130, 132, 138, 155, 
157, 159 
motors, 352, 353, 354, 356 
overcurrent coordination, 581, 583, 587, 
618, 622, 626 
service supply lines, 552, 560 
testing, 688 
transformers, 416, 419 
National Electrical Safety Code® (NESC®) 
(Accredited Standards Committee C2- 
2002), 2 
Nationally recognized testing laboratory 
(NRTL), 343 
NEC dimensions, 132 
Negative-phase-sequence overcurrent relay 
(Device 46) 
large generators, 511 
medium generators, 510 
Negative-sequence 
equivalent circuit, 27 
impedance, 22-32, 347-348 
network, 28-32 
overcurrent relay (Device 46), 349 
phasors, 21 
reactance, 22-32 
relay, 88-89, 481-484 
voltage, 22-32 
voltage relay (Device 47), 349 
Negative temperature coefficient, 357 
NESC® (National Electrical Safety Code®) 
(Accredited Standards Committee C2- 
1997), 2 
Network interconnection, 28-32 
Network protection (transformers), 433-434 
Neutral grounding device, sequence imped- 
ance of, 28 
Nominal system voltage, 51 
Nonadjustable trip unit, 204 
Nonlatching motor starter, 345 
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Nonlinear electrical load (transformers), 
413-415 

Nonmotor circuit (minimum ground-fault 
protection), 262 

Normal bus fault, 44 

Normal current-carrying capacity (cables), 
307-310 

Normal loading temperature, 310 

Numbers for protective devices, 68, 69, 344 


O 


Odd-order harmonics (transformers), 414 
Offset-fault current, 522 
Offset mho distance relay (generators), 478, 
479 
Offsetting dc transient, 14-15, 448 
Ohm’s Law, 11-12 
Oil, tank (transformers), 397-398 
Oil-cooled preservation system (transform- 
ers), 396 
Oil pressure (generators), 490 
One-time fuse, defined, 132 
Open-delta connected current transformer 
(CT), 56 
Open phase (short circuits), 32 
Open ventilated transformer, 395 
Operation indicator, 381 
Overcurrent backup protection (genera- 
tors), 494-498 
Overcurrent coordination 
conductors, 581, 582 
coordination time intervals (CTIs), 576, 
596, 602-604, 605 
current transformer (CT) saturation, 580 
delta-wye transformers, 577 
electromechanical relays, 578 
example, 608-626 
fuses, 579, 596 
generally, 575-576, 580-581, 607-608 
generators, 587-589 
ground faults on low-voltage systems, 
626-627, 628-631 
load flow currents, 577 
low-voltage power circuit breakers 
(LVPCBs), 578, 596, 597, 598, 599 
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molded-case circuit breakers (MCCBs), 
579 
motor control centers (MCCs), 579 
motors, 157-159, 349-354, 358-361, 
364-365, 581-583, 584-586, 596, 
600-601 
overload, 584—586 
phase faults on small substations, 627, 
632, 633-635 
pickups, 578-579, 593 
planning stage, 604-607 
primary device, 579 
short-circuit currents, 576-577 
static relays, 578 
time-current characteristic (TCC) plots, 
583, 590-596, 597-601 
transformers, 583, 587, 588,589 
Overcurrent differential protection (motors), 
361-365 
Overcurrent differential relay (Device 87), 
108-109, 361 
Overcurrent protection 
low-voltage motors, 350-354 
medium-voltage motors, 358-361, 362, 
363 
Overcurrent ratio curves (CTs), 53-54 
Overcurrent relay. See also individual types 
buses, 517-518 
cables, 319-320 
generally, 92, 94-96 
service supply lines, 570 
transformers, 416-417, 426-427 
Overexcitation from shunt capacitance pro- 
tection (motors), 385-386 
Overexcitation protection 
generators, 485-487 
transformers, 413 
Overfrequency relay, 105-106 
Overhead distribution cutout, 176-177 
Overheating 
generators, 441 
motors, 347-348 
transformers, 408, 414 
Overload, defined, 132 
Overload devices, 232 
Overloading, transformers), 191-192, 415- 
418 
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Overload protection 
busways, 333 
generators, 454-455 
motors, 350-354 
transformers, 191-192, 415-418 
Overload protection (cables) 
ampacity, 308-309 
bimetallic devices, 320 
cable circuit to motors, 321 
cable current, 310 
cable temperature, 310 
coordination of devices, 321 
direct buried cables, 318, 322 
emergency loading temperatures, 311, 
315, 316, 317, 318 
examples, 299, 300 
feeder circuits to panels, 320-321 
feeder circuits to transformers, 321 
frequency derating factor, 310 
frequency relays, 104-107, 557-558 
fuses, 320 
generally, 307-321 
grouping derating factor, 309-310 
harmonic derating factor, 310 
heat flow, 307-308 
intermediate zone, 310-312, 319 
long-time zone, 310-312 
magnetic trip devices, 320 
normal current-carrying capacity, 307- 
310 
normal loading temperature, 310 
overcurrent relays, 319-320 
overload capacity, 310-319 
protective devices, 319-321 
short-time temperatures, 318 
static sensors, 320 
temperature derating factor (TDF), 309 
temperature rise, 312 
temperatures, 312-318 
thermal magnetic trip devices, 320 
thermal overcurrent relays, 320 
thermal resistance, 307-308 
time-current characteristics (TCCs), 319 
Overload test, 159-160 
Overtravel (inertia), 80-81, 92-93 
Overvoltage protection 
buses, 96 
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cables, 286 

generators, 490-491 

synchronous motors, 345 

transformers, 435-437 
Overvoltage relay (Device 59), 96-97 


P 


Pad-mounted transformer, 192 
Partial differential relay (buses), 520, 524— 
525 
Partial discharge detectors (motors), 372 
Peak arc voltage, defined, 170-171 
Peak let-through current 
current-limiting fuses, 171, 172 
low-voltage circuit breakers, 217-218 
low-voltage fuses, 130, 132, 152, 153 
Percentage differential relay (Device 87T, 
87B, 87M, or 87G), 109-115, 460, 
520-522, 523 
Percent insulation level (%IL) (cables), 
286-287 
Periodic monitoring devices, 378 
Periodic online diagnostic systems, 378 
Permissive functions of overvoltage relays, 
81 
Permissive transfer trip relaying system, 
552 
Phase-angle window, 77-80 
Phase balance current relay (Device 46), 
87-89, 349 
Phase comparison relaying systems, 552 
Phase designation, 20 
Phase differential relay 
motors, 362, 363 
transformers, 427-432 
Phase-fault current, 288—289 
Phase-fault protection (generators), 459- 
465, 492-498 
Phase instantaneous overcurrent relays 
(transformers), 426-427 
Phase-overcurrent protection, 216-217 
Phase-sequence voltage relay (Device 47), 
89 
Phase time overcurrent relay (transformers), 
426 
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Phase-to-ground fault 
calculating, 42 
example, 43 
sequence interconnections, 31 
Phase-to-ground short circuit, 31-32 
Phase-to-neutral voltages, 21 
Phase-to-phase fault (sequence interconnec- 
tions), 30 
Phase-to-phase short circuit, 30-31 
Phase unbalance protection (motors), 347— 
349 
Phasor, 21, 250,519 
Pickup voltage, 97, 191, 213-214, 578-579, 
593 
Pilot brush, 474, 475 
Pilot relay (Device 87L) (service supply 
lines), 552, 554 
Pilot wire differential relay (Device 87L), 
116-119, 552 
Planning system protection, 4-5, 67 
Plug fuse 
defined, 132 
documentation, 137 
interrupting ratings, 145 
Plug-in busway, 328, 329, 330 
Plunger instantaneous relay, 93, 94, 97 
Polarity, 54-55, 64 
Polarization index test (insulation), 688 
Pole rating (circuit breakers), 201, 204, 205 
Portable cable, 323 
Portable monitoring devices, 378 
Positive-pressure inert gas (transformers), 
396, 397 
Positive-sequence 
equivalent circuit, 27 
impedance, 22—32 
networks, 28-32 
phasors, 21 
reactance, 22-32 
voltages, 22-32 
Positive temperature coefficient, 357 
Potential transformer. See Voltage trans- 
former 
Power cable. See Cable; Cable protection, 
insulated power 
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Power circuit breaker, low-voltage 
(LVPCB). See Low-voltage circuit 
breaker 

Power factor (low-voltage circuit breakers), 
221-224 

Power factor relay (Device 55), 380 

Power frequency withstand test (switch- 
gear), 698 

Power fuse. See also High-voltage fuse 

current-limiting, 177-178 

distribution, 174-177 

distribution fuse cutouts, 175-177 

E rating, 174 

expulsion, 178-181 

fiber-lined expulsion, 178-181, 183-184 

generally, 173-174 

interrupting ratings, 176, 177-178, 179, 
180, 181, 184-185 

minimum-melting time-current character- 
istic (TCC) curves, 187, 188 

new designs, 174, 181-183 

R rating, 174 

selectivity, 187-189 

self-triggering, 182 

solid-material expulsion, 178-181, 183— 
184, 188 

styles, 179, 180-181 

sulfur hexafluoride (SF¢), 182 

triggerable, 182-183 

vacuum, 181-182 

Pre-arcing time, 132 

Preliminary design of power systems, 5—7 

Pressure relay (Device 63) (service supply 
lines), 555 

Pressure-relief devices (transformers), 401— 
402 

Pressure-vacuum bleeder valves (transform- 
ers), 397, 400-401 

Pressure-vacuum gauges (transformers), 
397, 400, 401 

Primary-selective system, 186 

Primary substation transformer. See Trans- 
former protection 

Primary winding, 47-49, 62 

Product directional ground relay, 103 
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Protective device (relay). See also individ- 
ual types 
basic, 7-8 
bimetallic overload, 320 
busways, 332-336 
cables, 319-321 
conductors, 296-297 
coordinating, 219-221 
electromechanical operating principle, 
67, 70 
function numbers, 68, 69, 344 
generally, 8, 67-69 
low-voltage (ground faults), 247-248 
magnitude of short circuits, 17 
operation indicators, 381 
short-circuit currents, 15-19, 290, 295— 
307, 308 
static relay operating principle, 67, 70 
zones of protection, 69-70 
Protective schemes 
descriptions for service supply lines, 
547-558 
examples for service supply lines, 558— 
571 
ground faults, 249-255 
Proximity transducers (motors), 373-374 
Pullout protection (motors), 380 
Pulsing contactor, 275 
PURA (Public Utilities Regulatory Act), 
443 


R 


Radial system, simple, 186 
Reactance distance relay, 71-72 
Reactance grounding (generators), 453, 471 
Reactances and conductor protection, 288 
Reactive component of impedance, 18, 19 
Reactive relay (generators), 480-48 1 
Reactor bypass, 197 
Reclosing, automatic (motors), 386-388 
Relay, protective. See also individual types 
device function numbers, 68, 69 
electromechanical operating principle, 
67, 70 
generally, 8, 67-69 
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magnitude of short circuits, 17 
static relay operating principle, 67, 70 
zones of protection, 69-70 
Relayed circuit breaker. See Low-voltage 
circuit breaker 
Relaying burden of current transformers 
(CTs), 52 
Relaying devices for ground faults, 248-249 
Reliability considerations when designing 
power systems, 3 
Remote backup protection, 69 
Remote relay, 207 
Renewable fuse, defined, 132 
Replica temperature relay, 90, 412 
Residually connected protection against 
ground faults, 249-250, 368 
Residual magnetism, 522 
Resistance-grounded system, 224, 526 
Resistance temperature detector (RTD), 90, 
357, 369-370, 454, 455 
Resistance tests of circuit breakers, 685 
Resistive component of impedance, 18, 19 
Resistor 
buses, 522 
generators, 442, 452-454, 469, 472, 474 
ground-fault protection, 235-236, 238, 
269-271 
motors, 356, 368-369, 371, 379, 382, 389 
Restraint differential relaying. See Fixed 
percentage differential relay 
Reverse-power relay (Device 32) 
generally, 83-84, 85 
generators generally, 480-481, 488-489 
medium generators, 510 
motors, 387-388 
small generators, 509 
Reverse rotation (motors), 390 
Reverse var relay (Device 40) (generators), 
509 
Rotating exciter (generators), 446-447 
Rotation conventions, 20 
Rotor field current (generators), 473-476 
Rotor (generators), 459 
Rotor winding overtemperature protection 
(motors), 370-371 
Rotor winding protection (motors), 382 
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RTD (resistance temperature detector), 90, 
357, 369-370, 454, 455 


S 


Safety 
current transformers (CTs), 62 
of personnel, 641-643, 652, 659, 679 
in power system designs, 2 
Sag, voltage, 538-539 
Saturation, 61,385, 580 
Sealed tank (transformers), 395, 396-397, 
400 
Secondary circuit (CTs), 62 
Secondary excitation characteristics (CTs), 
53-54 
Secondary fuse (VTs), 65 
Secondary ground differential relay 
(Device 87TGN), 428, 429 
Secondary-side short circuit, 418 
Secondary substation transformer. See 
Transformer protection 
Secondary surge arrestor, 526-527 
Secondary winding (CTs), 47-49 
Selectivity (selective coordination) 
generally, 132, 145 
high-voltage fuses, 187-189 
low-voltage circuit breakers, 210, 214, 
219-221 
low-voltage fuses, 145-151 
motors, 355 
ratio tables, 147, 150 
Self-balancing differential protection 
generators, 461-463 
motors, 364—365 
Self-triggering fuse, 182 
Semiautomatic synchronizing system, 506 
Sensing devices for ground faults, 248-249, 
255 
Sequence impedance representation of elec- 
trical apparatus, 22, 28 
Sequence interconnections, 30-32 
Sequential tripping mode of protection 
(generators), 507, 509 
Series-connected ratings, 218 
Series connection (MCCBs), 217-218 
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Series connection test circuit, 218 
Series tripping device (service supply lines), 
549 
Service continuity vs. equipment damage, 
2-3 
Service-entrance protection, 197, 552-554 
Service factor (motors), 343 
Service supply-line protection 
breaker failure relaying, 569-571 
bus and switchgear relaying, 558 
differential ground relays, 556 
directional overcurrent ground-fault 
relays, 553-554, 556 
directional overcurrent phase relays, 556 
directional phase-overcurrent relays, 
553-554 
directional power relays, 556 
distance relays, 551-552, 556 
disturbance corrective measures, 544— 
546 
disturbances generally, 533, 535-536, 
543-544 
dual service without transformer, 562— 
565 
dual service with transformer, 565-567 
feeder schemes, 556 
flicker, voltage, 540 
frequency relays, 557-558 
frequency variations, 541-542 
fused primary and low-voltage plant bus, 
560-562 
fusible protective devices, 549 
generally, 531-536, 547-550, 550-552 
generator differential relays, 557 
generator neutral ground time overcurrent 
relays, 557 
ground-fault detector relays, 554 
Group A schemes, 550-552 
Group B schemes, 552-554 
Group C schemes, 554-555 
Group D schemes, 555-556 
Group E schemes, 556 
Group F schemes, 556-558 
Group G schemes, 558 
harmonic distortion, 542, 546 
in-plant generator schemes, 556-558 
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instantaneous overcurrent relays, 551, 
553, 554 
interruption, voltage, 541 
long-time voltage variations, 536-538 
network supply systems below 600 V, 
558-560 
pilot relays, 552, 554 
pressure relays, 555 
protective scheme descriptions, 547-558 
protective scheme examples, 558-571 
quality of service, 533, 544 
reliability issues, 533 
restoration of service after voltage loss, 
548 
sags, voltage, 538-539 
series tripping devices, 549 
service-entrance schemes, 197, 552-554 
service reliability, 554 
short-circuit current, 542-543 
single service with in-plant generation, 
567-569 
single service with transformer, 562, 563 
spot networks, 558 
supply-transformer schemes, 554-555 
swells, voltage, 539-540 
time overcurrent phase relays, 555 
time overcurrent relays, 551,553, 554 
tolerances, electric service deviation, 533, 
534-535 
transformer differential relays, 554, 556 
transformer neutral ground relays, 555 
transformer oil temperature relays, 555 
transformer secondary schemes, 555-556 
transformer winding temperature relays, 
555 
transient voltage spikes, 540 
unbalance, voltage, 540-541 
underfrequency, 557 
voltage-restrained overcurrent relays, 556 
voltage variations, 536-541 
SF,. See Sulfur hexafluoride (SF) 
Shaft torque, excessive (motors), 388-389 
Sheath or shield temperature, 291—292 
Short-circuit current 
branch currents, 40-42, 44 
calculating, 11-12, 19-20 
calculation examples, 33-42 
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conductor temperature, 290-295 
coordination time intervals (CTIs), 576 
decay rates, 288-289, 290 
defined, 133 
equipment ratings, 290 
generally, 13-15 
ground-fault currents, 290 
impedance, 11, 18, 22 
magnitudes of, 11, 12-13, 15-19, 418 
maximum, 289-290 
minimum ratings (busways), 331 
momentary currents, 576 
negative-sequence impedance, reactance, 
and voltages, 22-32 
negative-sequence networks, 28-32 
offsetting dc transient, 14-15 
overcurrent coordination, 576-577 
per-unit calculations, 19-20 
phase-fault currents, 288-289 
phasors, 21 
positive-sequence impedance, reactance, 
and voltages, 22-32 
positive-sequence networks, 28-32 
protection for cables, 288-307 
protective devices, 15-19, 290, 295-307, 
308 
rate of decay, 17 
service supply lines, 542-543 
symmetrical ac current, 14-15 
temperatures, 292 
topography, 18 
transformers, 418-435 
types, 12-13 
zero-sequence impedance, reactance, and 
voltages , 22-32 
zero-sequence networks, 28-32 
Short-circuit impedance, 18 
Short-circuit power factor (low-voltage cir- 
cuit breakers), 221 
Short-circuit protection 
cables, 288-307 
generators, 444-451 
motors, 350, 583 
transformers, 418-435 
Short-circuit test value (MCCBs), 225 
Short-time current, 202, 210, 212-214 
Short-time delay element, 207 
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Short-time mechanical rating, 51 
Short-time test (insulation), 687-688 
Short-time thermal rating, 51 
Shunt capacitors, 385-386, 540 
Shunt trip (low-voltage circuit breakers), 
227 
Shutdown protection (generators), 500-502 
Silencer, 179 
Simultaneous tripping mode of protection 
(generators), 507 
Single-isolated generator, 441-442 
Single-phase inverse time-undervoltage 
relay, 347 
Single phasing (motors), 248 
Single-point grounding, 265 
Single-pole faults, 224 
Single-pole-selective-pole relaying system, 
552 
Sinusoid, fault current, 17 
Skin effect (transformers), 414 
Sleeve bearing, 373, 375, 376 
Small generator protection scheme, 509- 
510 
Smoke detection, 372 
Snuffler, 179 
Solenoid instantaneous relay, 93, 94 
Solidly grounded system 
buses, 526 
generators, 451-452 
ground-fault protection, 233-235, 241, 
248, 267-269, 272, 273, 274, 290 
low-voltage circuit breakers, 224 
motors, 354—355 
Solid-material expulsion power fuse 
generally, 178-181, 183-184 
minimum-melting time-current character- 
istic (TCC) curves, 188 
Source power flow control of directional 
power relay, 83 
Source transfer scheme of undervoltage 
relays, 81 
Special protective equipment, 8 
Split winding current unbalance device 
(Device 87), 365 
Split winding protection (motors), 365-366 
Spot networks, 273, 276-277, 278, 279, 558 
Startup protection (generators), 500-502 
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Static directional overcurrent relay, 102— 
103 
Static exciter (generators), 447 
Static negative-sequence overcurrent relay 
(generators), 484 
Static percentage differential relay, 113 
Static pressure relay (transformers), 404 
Static relay, 67, 70. See also individual types 
Static sensors (cables), 320 
Stationary exciter (generators), 446 
Station surge arrestor, 526-527 
Stator-fault protection (generators), 459- 
473 
Stator thermal overcurrent relay 
(Device 49), 381 
Stator winding overtemperature protection 
(motors), 356, 357, 369-370 
Steady-state line switching protection (gen- 
erators), 504 
Steam turbine generator, 477, 487-490 
Stepdown transformer, 96 
Straight-rated circuit breaker, 225 
Substation. See Bus protection; Transformer 
protection 
Subtransient current, 289-290 
Sudden gas/oil-pressure relay (transform- 
ers), 406-407 
Sudden gas-pressure relay (transformers), 
406 
Sudden oil-pressure relay (transformers), 
405-406 
Sudden pressure relay (transformers), 404— 
405 
Sulfur hexafluoride (SF¢) 
circuit breaker and load-interrupter 
switchgear, 679-682 
power fuse, 174, 182 
Summation overcurrent relay (buses), 524— 
525 
Supplemental fuse documentation, 137 
Supply-line protection. See Service supply- 
line protection 
Supply-transformer protection, 554-555 
Surge arrester 
buses, 526-527 
coordination with fuses, 194, 196 
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maximum continuous operating voltage 
(MCOV) ratings, 527 
motors, 382-383 
transformers, 435-436 
Surge capacitor, 383, 436 
Surge protection 
buses and switchgear, 525-527 
motors, 382-385 
Swell, voltage, 539-540 
Switchgear maintenance 
acceptable conditions, defined, 640 
access, 645 
accessory parts, 699 
adverse atmospheric conditions, 651 
ambient temperature, 697 
arc-control devices, 648, 655, 662, 670 
auxiliary equipment, 657, 667, 689-694 
auxiliary switches, 663 
battery installations, 689-690 
breakdown, defined, 640 
breathers, 670-671 
bus bars and bus bar compartments, 656, 
666 
cable terminations, 656 
circuit breakers, 651 
cleaning, 653-654, 660-661 , 670 
closing devices, 689 
conductors, 646 
connections, 656, 664, 695 
contactors, 656, 664 
contacts, 648, 654-655, 661-662 
containment of faults, 644 
control relays, 664 
corrective maintenance, defined, 641 
current transformers (CTs), 693 
dashpots, 671 
diagnostic testing, 641, 652-653, 682- 
689 
dielectric absorption ratio test for insula- 
tion, 688 


dielectric dissipation factor tan delta, 697 


disconnects, 666 

drawout switchgear, 659, 673 

dust, 643, 695 

electrical equipment, defined, 640 

electrical preventive maintenance, 
defined, 640 
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electrical station, defined, 640 

emergency action, defined, 640 

emergency exits, 645 

enclosure interior inspection, 700 

equipment enclosures, 654 

equipment-grounding connections, 694 

equipment to be rendered inoperative, 
652, 659, 699 

examination, defined, 640 

exposed face temperature check, 699-700 

failure, defined, 640 

field dielectric tests, 689, 690 

fire extinguishing equipment, 644-645 

first aid, 642 

frequency, 648-651, 652, 675, 680, 699 

fuses, 656, 659, 664 

gas seals, 670 

grounding equipment, 645-646 

grounding switches, 665 

ground mats, 646 

hazardous gases, 646 

heaters, 665 

high-potential tests, 685-689, 698 

high-voltage equipment, 643 

high-voltage fuse connections, 667 

indicating devices, 655, 663 

indoor machinery, 651 

industrial molded-case circuit breakers 
(MCCBs), 699-701 

infrared detection, 685 

injection tests, 695 

inspections, 640, 653 

insulating mats, stands, or screens, 646 

insulating oil, 650, 671-672, 673 

insulation, 654, 661, 670, 685, 687-688, 
696-698 

insulation power factor, 697 

insulation-resistance tests, 685-689, 698 

interlocks, 655, 663 

internal insulation, 648 

interpole barriers, 655, 662 

interpole linkages, 671 

isolators, 665 

item, defined, 640 

joints, 673 

labels, 647 

laminated insulation, 698 
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lifting devices, 694 

lift rods, 697 

lighting, 645 

maintenance, defined, 640 

major overhaul, defined, 641 

materials susceptible to deterioration, 697 

mechanisms, 649, 655, 662-663, 671, 
676 

minor overhaul, defined, 641 

minor overhaul or servicing, defined, 641 

moisture, 643 

newly commissioned equipment, 648 

nonroutine maintenance, defined, 641 

oil handling plant, 694 

oil switchgear, 669-675 

opening devices, 676 

operating voltages, 683 

operational check, 641, 660, 680 

outdoor machinery, 651, 685 

overhaul, defined, 641 

polarization index test for insulation, 688 

porcelain insulation, 698 

portable electric tools, 647 

post-fault maintenance, 641, 649, 657, 
667, 673, 677, 680-68 1 

power frequency withstand tests, 698 

preventive maintenance, 641, 700-701 

primary cell batteries, 693 

protective apparatus, 694-696 

record keeping, 649, 697 

relay, 696 

removable switchgear, 659 

repair, defined, 641 

replacement parts, 694 

resistance tests of circuit breakers, 685 

routine maintenance, 641, 649, 680 

routine tripping tests, 695 

safety of personnel, 641-643, 652, 659, 
679 

safety rules, 642-643 

seals, 673 

secondary cell batteries, 691-692 

secondary wiring, 664 

semiconductors, 695 

short-time test for insulation, 687-688 

shutters, 659, 666 

signs, 647 
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solenoid-closed switchgear, 659 
spring-closed switchgear, 659 
step-voltage test for insulation, 688 
stored energy, 646 
stored energy devices, 659 
sulfur hexafluoride (SF¢) circuit breaker 
and load-interrupter switchgear, 
679-682 
tanks, 672 
test, defined, 641 
time-resistance test for insulation, 688 
time-travel test, 683 
timing test, 683 
tripping devices, 659, 689 
tripping tests, routine, 695 
utility rules, 643 
vacuum circuit breaker switchgear, 675— 
678 
vacuum interrupters, 676 
venting system, 670 
for voltages above 1000 V ac and 1200 V 
dc, 659-669 
for voltages up to 1000 V ac and 1200 V 
de, 652-658 
voltage transformers (VTs), 693-694 
weather shields, 666 
Switchgear protection, 558 
generally, 515-517, 525 
surges , 525-527 
Symmetrical ac current, 14-15, 448 
Symmetrical components method of analy- 
sis, 19-22 
Synchronism check (sync-check) relay, 74— 
79, 389 
Synchronizing protection (generators), 504— 
506 
Synchronizing relay. See Automatic syn- 
chronizing relay 
Synchronous motor 
brush, 370-371, 389, 390 
brushless, 379, 389 
damper winding protection, 379 
excitation voltage, 85, 380 
field-current failure protection, 379-380 
harmonic currents, 542 
incomplete starting sequence, 381 
locked-rotor protection, 389-390 
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overvoltage protection, 345 
phase unbalance protection, 347-348 
pullout protection, 380 
rotor winding overtemperature protec- 
tion, 370-371 
rotor winding protection, 382 
service supply lines, 545 
voltage sags, 539 
System backup protection (generators), 
492-498 
System protection 
using high-voltage fuses, 185-189 
using low-voltage circuit breakers, 216— 
219 


T 


Tap 
changer failure (transformers), 393-394 
pilot wire differential relay (Device 87L), 
119 
time-overcurrent relays, 94-95, 97 
TCC. See Time-current characteristic (TCC) 
TDF (temperature derating factor), 309 
Temperature bulbs, 370 
Temperature coefficient, 354 
Temperature (conductors), 293-294 
Temperature-controlled transformer, 395, 
396 
Temperature-current-time curve (conduc- 
tors), 292-293, 294 
Temperature derating factor (TDF), 309 
Temperature rating, maximum short-circuit, 
292, 293, 294 
Temperature relay (Device 49) (genera- 
tors), 511 
Temperature rise 
conductors, 290-292, 302 
overload protection, 312 
shield and sheath, 291—292 
Temporary overvoltage (TOV), 526 
Tertiary winding overcurrent relays (trans- 
formers), 427 
Testing 
busways, 336 
circuit breakers (resistance), 685 
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dc low-voltage fuses, 159-165 
dc high potential, 118 
dielectric dissipation factor tan delta, 697 
insulation, 336, 687-688, 698 
interrupting ability (fuses), 160-161 
maximum energy, 161-162 
overload (fuses), 159-160 
switchgear, 641, 652-653, 682-689, 690, 
695, 698 
Thermal burden limits (VTs), 64 
Thermal-magnetic circuit breaker, 209 
Thermal-magnetic trip molded-case circuit 
breaker (MCCB), 208, 320, 596, 598, 
599 
Thermal-magnetic trip unit, 203, 208, 209, 
211-213, 320 
Thermal overcurrent relay, 320, 381 
Thermal overload relay (motors), 351-352 
Thermal relay (Device 49), 89-90, 410, 411 
Thermal resistance (cables), 307-308 
Thermistor, 357, 370 
Thermocouple, 370 
Thermometer, 409, 410-412 
Thermostat, 356, 370 
Thevenin’s Theorem (circuits), 11-12, 15 
Third-harmonic overvoltage protection 
scheme (generators), 468 
Thirty (30) cycle current, 17, 576 
Three-phase current, calculating, 40-41 
Three-phase fault, balanced (sequence inter- 
connections), 30 
Three-phase high-speed voltage relay 
(Device 27), 388 
Three-phase integral horsepower motor. See 
Motor, three-phase integral horse- 
power 
Three-phase undervoltage relay, 347 
Threshold current, 133 
Through-fault protection (transformers), 
191, 419-423 
Through iron-core current transformer (CT), 
520 
Thyristor, 542 
Time constant for dc circuits, 160, 164 
Time-current characteristic (TCC) 
ac fuses vs. dc fuses, 159 
cable protection, 296-297, 301, 319 
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current-limiting fuses, 171, 172 
expulsion fuses, 173 
low-voltage circuit breakers, 210-216 
low-voltage fuses, 145-147, 150 
overcurrent coordination, 583, 590-596, 
597-601, 629-631, 633-635 
Time delay, defined, 133 
Time-delay electromechanical relay, 82 
Time-delay fuse, 148, 160, 352-353 
Time-delay overcurrent relay, 91-93 
Time-delay overvoltage relay 
(Device 59GN), 466-469 
Time-delay phase unbalance protection 
(motors), 349 
Time delay to clear fault (motors), 249 
Time dial, 592-593 
Time overcurrent ground-fault protection 
(motors), 367 
Time overcurrent phase relay (Device 51) 
(service supply lines), 555 
Time overcurrent relay (Device 50,51, 50/ 
51 or variations) 
buses, 518 
current transformers (CTs), 55 
generally, 90-96, 592-595 
generators, 464, 481-484, 492-494 
motors, 349-350 
service supply lines, 551,553, 554 
through-fault protection, 420-421, 424 
Time-resistance test (insulation), 688 
Timer (motors) (Device 62), 381, 387 
Time-travel test (switchgear), 683 
Time-undervoltage relay, 81, 82-83 
Timing applications of undervoltage relays, 
81 
Timing test (switchgear), 683 
Top oil temperature indicators (transform- 
ers), 408-410 
Toroidal current transformer (CT), 364, 521 
Total clearing time, 133 
Total-clearing time-current characteristic 
(TCC) curves (high-voltage solid- 
material power fuses), 190 
Total fault-clearing time (conductors), 295— 
296 
Totally enclosed and nonventilated trans- 
former, 395 
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TOV (temporary overvoltage), 526 
Transducers (motors), 373-376 
Transfer, automatic (motors), 345, 386-388 
Transformer. See individual types; Trans- 
former protection 
Transformer differential relay (Device 87T) 
(service supply lines), 554 
Transformer isolation, 266 
Transformer neutral ground relay 
(Device 51TN) (service supply lines), 
555 
Transformer oil temperature relay 
(Device 26) (service supply lines), 555 
Transformer protection 
bushing failure, 394 
Category I, 420 
Category II, 420-421, 422 
Category III, 420-421, 422, 423 
Category IV, 421, 424 
circuit breakers, 417-418 
conservator tank, 396, 398, 399 
current-interrupting devices, 415 
current-sensing devices, 419-433 
differential relays, 427-433, 434, 435 
direct-connected generators, 413 
dissolved fault-gases detection relays, 
407-408 
dry preservation systems, 395-396, 436 
eddy currents, 414 
enclosed and nonventilated, 395 
environmental hazards, 437-438 
ferroresonance, 436-437 
filtered ventilated, 395 
forced-air cooling, 412 
fused switches, 417-418 
fuses, 156-157, 158, 413, 417-418, 423- 
425 
gas-accumulator relays, 402 
gas-analysis equipment, 408 
gas-detector relays, 403 
gas-oil seal, 396, 397-398 
gas-sensing devices, 418-419 
generally, 393-395 
ground differential relays, 432-433, 434, 
435 
harmonics, 413-414, 430, 432 
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hot-spot temperature thermometers, 410- 
412 

hysteresis, 414 

incipient fault monitor, 407 

inrush current, 192, 193, 415, 424, 426, 
427 

inrush current, magnetizing, 157, 189- 
191, 405, 424, 430 

K-factor rating, 414-415 

liquid-level gauges, 398-400 

liquid preservation system, devices for, 
398-408 

liquid preservation system designs, 395, 
396-398, 399 

liquid temperature indicators, 408-410 

load limitation, 416 

load-tap-changer failure, 394 

networks, 433-434 

no-load tap changer failure, 393 

nonlinear electrical loads, 413-415 

odd-order harmonics, 414 

oil-cooled, 396 

open ventilated, 395 

overcurrent coordination, 583, 587, 588, 
589 

overcurrent relays, 413, 416-417, 426— 
427 

overexcitation, 413 

overheating, 408, 414 

overloading, 191-192, 415-418 

overvoltages , 435-437 

phase differential relays, 427-432 

phase instantaneous overcurrent relays, 
426-427 

phase time overcurrent relay, 426 

positive-pressure inert gas, 396, 397 

pressure-relief devices, 401-402 

pressure-vacuum bleeder valves, 397, 
400-401 

pressure-vacuum gauges, 397, 400, 401 

primary protective device, 415 

replica temperature relay, 412 

sealed tank, 395, 396-397, 400 

sequence impedances, 26—28 

short-circuit currents, 418-435 

skin effect, 414 

static pressure relays, 404 


Copyright © 2001 IEEE. All rights reserved. 


IEEE 
Std 242-2001 


sudden gas/oil-pressure relays, 406-407 
sudden gas-pressure relays, 406 
sudden oil-pressure relays, 405—406 
sudden pressure relays, 404—405 
surge arresters, 435-436 
surge capacitors, 436 
temperature-indicating devices, 395, 396 
terminal board failure, 393 
tertiary winding overcurrent relays, 427 
thermal relays, 410, 411 
through-fault capability, 191, 419-423 
top oil temperature indicators, 408-410 
totally enclosed and nonventilated, 395 
two-fuse concept, 192 
using conservator tanks, 398, 399 
using gas-oil seals, 397-398 
using high-voltage fuses, 189-192 
using low-voltage fuses, 156-157, 158 
using positive-pressure inert gas, 397 
using sealed tanks, 396-397 
winding breakdowns, 393 
winding temperature relays, 410 
zero-sequence harmonics, 414 
Transformer secondary protection, 555-556 
Transformer winding temperature relay 
(Device 49) (service supply lines), 555 
Transient currents, 14-15, 184 
Transient voltage spike, 540 
Transmission-line reclosing protection (gen- 
erators), 504 
Transmission line (sequence impedance), 
23-26 
Triggerable fuse, 182-183 
Trip devices for ground faults, 248-249 
Trip logic table (generators), 508 
Trip-operating time, 247 
Tripping incoming breaker, 105 
Tripping scheme (generators), 506-509 
Tripping tests (switchgear), routine, 695 
Trip unit (circuit breakers), 203-216, 219 
Tube, defined, 133 
Turbine generator, 491-492 
Turbine-trip oil system (generators), 490 
Two-fuse protection (transformers), 192 
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U 


UL standards for low-voltage fuses, 133- 
138 

Unbalance, voltage, 540-541 

Unbalanced current, 87, 481-484 

Underfrequency relay, 104-105, 106, 386, 
387, 492 

Underground cable system, 322 

Underrated equipment protection, 197 

Undervoltage protection 

generators, 492 
motors, 344-347, 357-358 

Undervoltage relay (Device 27), 80-83, 387 

Undervoltage trip (low-voltage circuit 
breakers), 227 

Ungrounded system, 238-240, 452, 526 

Unidirectional offset current, 448 

Uninterruptible power supply (UPS), 159, 
165, 413, 536, 539, 540, 546 

Unit generator-transformer generator, 443, 
Add 

Unit separation tripping mode of protection 
(generators), 507 


V 


Vacuum power fuse, 174, 181-182 
Valve limit switch (generators), 489-490 
Variable percentage differential relay, 109, 
110, 111, 112 
Variable slope percentage differential relay 
(generators), 461 
Var relay 
generally, 85, 86 
generators, 480-48 | 
operating characteristics, 86 
Vee-connected current transformer (CT), 
55,56 
Velocity transducers (motors), 374 
Ventilation systems (motors), 372 
Vibration monitoring (motors), 372-379 
Visual inspection (busways), 336 
Voltage balance relay (Device 60) 
generally, 97-98, 500 
large generators, 511 
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Voltage considerations for low-voltage cir- 
cuit breakers, 224—226 
Voltage-controlled relay, 95-96, 464, 492, 
494-496 
Voltage-dependent overcurrent relay, 95, 
494-495 
Voltage differential relay (buses), 520-522 
Voltage rating 
defined, 133 
high-voltage fuses, 183-184 
low-voltage circuit breakers, 200-201 
Voltage regulator (generators), 458-459 
Voltage-responsive and linear coupler 
(buses), 520 
Voltage-restrained overcurrent relay 
(Device 51V) 
generally, 95,96 
generators, 464, 492, 494-497 
service supply lines, 556 
Voltage-sensing relays (motors), 346, 347 
Voltage surge. See Surge protection 
Voltage-to-frequency limiter (generators), 
486 
Voltage-to-frequency ratio, 485-486 
Voltage-to-frequency relay (generators), 
486 
Voltage transformer (VT), 62-65 
Voltage transformer (VT), auxiliary, 100 
Voltage transformer (VT) protection 
generators, 499-500 
using high-voltage fuses, 192-193 
Voltage variation (service supply lines), 
536-541 


W 


Wheatstone bridge principle, 90 
Winding overtemperature device (motors), 
356-357, 369-370 
Windings (CTs), 47 
Winding temperature (generators), 455 
Winding temperature relay (transformers), 
410 
Window current transformer (CT) 
generally, 48, 250 
ground-fault protection (motors), 367 
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self-balancing differential protection for 
motors, 364—365 
Wire protection, 155 
Wound current transformer (CT), 47, 521 
Wound-rotor induction motor, 382 
Wound-rotor induction motor-starting resis- 
tors, 371 
Wye-connected current transformer (CT), 
55,56 


X 


X/R ratio, 18 


Z 


Zero-sequence 
current transformers (CTs), 55, 364, 367 
equivalent circuit, 26, 28 
harmonics, 414, 467 
impedance, 22-32, 368-369 
networks, 28-32 
phasors, 21 
reactance, 22-32 
sensor, 250 
voltages, 22-32 
Zigzag transformer, 238, 453-454, 471, 
472, 569 
Zone selective interlocking (ZSI), 209-210, 
247, 258-260, 261 
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